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ABSTRACT OF THE THESIS

The change of paradigm in redox biology, considering ROS as finely-tuned signals modulating
plant metabolism, shed new light on redox networks, especially in plants where multiple sources of ROS
are possible and associated with many “ROS processing systems” (Noctor et al., 2018), while major
redox buffers (e.g. ASC, GSH and NAD) clearly appear at the forefront of oxidative regulations. ROS
production and redox signals arising from are crucial to harmonious metabolism and participate in
adaptive signalling pathways throughout development and in response to the environment. In parallel,
the development of mathematical integrative modelling permitted by new approaches providing

quantitative description through metabolic fluxes.

Progress in understanding the molecular signatures involved in the redox regulations controlling the
trade-off between fruit development and stress pathways will help to define novel strategies for optimal
fruit production and storage (Beauvoit et al., 2018). However, knowledge on redox biology in fruit is
sparsely documented, although principles originating from leaves tissues are valuable while waiting for

comprehensive studies that provide more extensive knowledge on fruits.

In this regard, my PhD project aims to provide the first quantitative description of core redox
metabolism in a developmental context while developing and implementing protocols allowing the rapid
quantification of major redox compounds. In addition, the use of an integrative modelling approach will

allow deciphering the implication of redox flux in the control of redox balance during fruit development.
For this purpose:

1. A multiscale omics study focusing on NAD metabolism during tomato fruit
development provides a better view of the implication of NAD metabolism in redox and central

metabolism,

2. Major redox buffers and total antioxidant capacity are assessed using targeted
biochemical analyses of the ascorbate-glutathione cycle, while untargeted LLC-MS analysis provides a
global comparison of developmental stages, in particular for secondary redox compounds. Furthermore,
mutant plants enriched in ascorbate have been analysed to study the impact of an increase in ASC on

tomato fruit,

3. The data sets obtained are finally used to develop a kinetic-based model of the ASC-
GSH cycle, allowing the investigation of redox fluxes and their regulation during tomato fruit

development.



Besides, I participate in developing a redox platform to implement at the Bordeaux Metabolome
Facility, allowing me to participate in some other projects, such as the characterisation of new NAD
kinase (Dell’ Aglio et al., 2019) and the characterisation of ASC-enriched mutants (Deslous et al., 2021).
I also had the opportunity to participate in the writing of reviews aiming to bring together the scattered
knowledge available on redox metabolism in fruits and in response to extreme environments (Decros et
al., 2019; Dussarrat et al., 2021). Furthermore, the preliminary data obtained allowed the designing of
new projects more focused on the involvement of redox metabolism during the fruit setting phase. To

this end, different ASC mutant fruits have been analysed at several flower and young fruit stages.



RESUME DE LA THESE

Le changement de paradigme dans la biologie de 1'oxydoréduction (redox), considérant les
especes réactives de 1’oxygene (EROs) comme des signaux ajustés avec précision modulant le
métabolisme des plantes, a mis en exergue les réseaux d'oxydoréduction, en particulier chez les plantes
ou de multiples sources d’EROs sont présentes et associées a de nombreux " systémes de traitement des
EROs " (Noctor et al., 2018). De plus, les principaux tampons redox (par exemple, I’acide ascorbique,
le glutathion et les nucléotides a pyridine) apparaissent clairement au premier plan des régulations redox.
La production d’EROs et les signaux redox qui en découlent sont cruciaux pour préserver I'harmonie du
métabolisme du fait de leur participation aux voies de signalisation adaptatives tout au long du
développement et en réponse a I'environnement. En paralléle, le développement de la modélisation
mathématique intégrative a permis de nouvelles approches qui fournissent une description quantitative

des flux métaboliques et de leurs régulations.

Les progreés dans la compréhension des signatures moléculaires impliquées dans les régulations redox,
contrdlant le compromis entre le développement des fruits et les voies de stress, permettront de définir
de nouvelles stratégies pour une production et un stockage optimal des fruits (Beauvoit et al., 2018).
Cependant, les connaissances sur la biologie de 'oxydoréduction dans les fruits sont peu documentées.
Bien que les principes provenant des tissus foliaires apportent une premiere compréhension du
métabolisme redox, des études complétes fournissant des connaissances plus étendues sur les fruits

restent manquantes.

A cet égard, mon projet de theése vise a fournir la premiére description quantitative du
métabolisme redox principal du fruit de tomate dans un contexte de développement, tout en développant
et en mettant en ceuvre des protocoles permettant la quantification rapide des principaux composés
redox. En outre, l'utilisation d'une approche de modélisation cinétique permettra de déchiffrer
I'implication des flux redox dans le contréle de I'équilibre oxydoréducteur au cours du développement

du fruit.
A cette fin :

1. Une étude omique multi-échelle axée sur le métabolisme du NAD au cours du développement
du fruit de la tomate a permis de fournir une meilleure vue de 1l'implication du métabolisme du NAD

dans les métabolismes redox et central,



2. Les principaux tampons redox et la capacité antioxydante totale ont été évalués a l'aide
d'analyses biochimiques ciblées du cycle ascorbate-glutathion, tandis que 1'analyse LC-MS non ciblée a
permis une comparaison globale des stades de développement, en particulier vis a vis des composés
redox secondaires. D’autre part, des plantes mutantes enrichies en ascorbate ont été analysées pour

étudier 'impact d'une augmentation de I'ASC sur le métabolisme et le développement du fruit de tomate,

3. Les ensembles de données obtenus ont finalement été utilisées pour développer un modéle
cinétique du cycle ASC-GSH, permettant 1'étude des flux redox et de leur régulation au cours du

développement du fruit de la tomate.

D'autre part, j’ai participé au développement d'un plateau d'analyses redox mis en place au sein
de la plateforme Bordeaux Metabolome, ce qui m’a permis de participer a d'autres projets, tels que la
caractérisation d'une nouvelle NAD kinase (Dell'Aglio et al., 2019) et la caractérisation de mutants
enrichis en ASC (Deslous et al., 2021). J'ai également eu I'occasion de participer a la rédaction de revues
visant a rassembler les connaissances éparses disponibles sur le métabolisme redox dans les fruits et en
réponse aux environnements extrémes (Decros et al., 2019; Dussarrat et al., 2021). Par ailleurs, les
données préliminaires obtenues au cours de ce projet ont permis de concevoir de nouveaux projets plus

ciblés sur l'implication du métabolisme redox pendant la phase de mise a fruit.
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A. Tomato fruit (Solanum lycopersicum)

L Origin

Tomato originated from the Andes, where it was cultivated by the peoples of South America.
Its first description was documented in 1544 by Matthiolus, an Italian botanist (Figure I.1). At that time,
the tomato already showed tremendous phenotypic diversity in terms of shape and colour (Figure 1.2).
Then, the Spanish conquistadors introduced it to Europe at the beginning of the 16th century, where it
was first cultivated as an ornamental plant because of its similarity to Mandragora and Belladona, two
plants also belonging to the nightshade family (Solanaceae). It was not until the 19th century that its

usefulness in food was discovered (Rick, 1976).

II. Botanical description

In the 18th century, the founder of the modern binomial nomenclature system, Carl Von
Linnaeus, renamed the tomato “.Solanum [ycopersicum” after the Greek words “/ycos”and “ persicum”,
meaning “wolf” and “peach”, respectively. The tomato, Solanum lycopersicum, is therefore a
herbaceous plant that belongs to the large family of Solanaceae. This family of dicotyledons includes
nearly 100 genus and 2700 species representing a great diversity of morphologies and habitats. The
Solanaceae family includes species used in the food industry such as potatoes (Solanum tuberosum),
peppers (Solanum capsicum) and aubergines (Solanum melongena), as well as various ornamental

species such as datura (Datura stramonium) or belladonna (Atropa belladonna) (Figure 1.2).

This family includes species known as toxic for humans because of their alkaloid content, such as
atropine or scopolamine. The same applies to the tomato, whose vegetative parts are poisonous and only

the fruit is edible.

The species Solanum lycopersicum comprises several thousand varieties, including the cultivated
tomato (Solanum lycopersicum var. esculentum), from which almost all commercial cultivars are
derived. The different tomato varieties are classified according to their growth habit (determinate or
indeterminate) and the fruit phenotype (shape, size, colour). Genetic resources are preserved by cultivar

collections maintained worldwide.
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Figure I.1: First description of tomato. Book providing the first description of tomato (edited in
1554) (A) ; First illustration of a tomato plant by Piétro Andréa Matthioli (1550) (B).

Figure 1.2: Example of Solanaceae fruits. Tomato (Solanum lycopersicum) (A); Mandragore (Mandragora
officinarum) (B); Belladone (Atropa belladonna) (C).
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III, Economic, nutritional and scientific importance

According to the Food and Agriculture Organisation (FAO; https://www.fao.org/home/en/),
tomatoes are grown across the entire globe (in 173 countries), although half of the world's production
comes from Asia (Figure 1.3). Tomato cultivation on a global scale is made possible by varietal selection
and developments in cultivation methods (greenhouse or soilless) that allow tomatoes to be produced
all year round. The fruit is intended for direct consumption but also numerous processing operations
used by the food industry (sauces, juices, etc.). The demand for tomatoes has constantly been increasing
since the 1990s, leading to a production of more than 100 million tonnes today, ranking tomatoes first
in terms of fruit production (Figure 1.4). In France, tomato is not the primary agricultural product, despite
an annual production of about 700 thousand tonnes. Nonetheless, tomato is the most consumed fruit in
France, with a yearly consumption of 13 kg per person per year for fresh tomatoes and 15.8 kg per

person per year for processed tomatoes.

Besides, tomatoes are of great nutritional importance for humans. This fruit harbours a low sugar content
(less than 20 kcal per 100 g of fresh material) but high amounts of antioxidants such as ascorbate (or
vitamin C), lycopene, and numerous other carotenes and polyphenols that are beneficial to human health.
Additionally, tomatoes are considered the primary source of vitamin C in the human diet because, even
though they contain a lower level of vitamin C than citrus species, they are massively consumed in daily

diet.

Apart from this nutritional and economic importance, tomato (Solanum lycopersicum) has a
scientific interest as a model plant to study processes associated with the development of fleshy fruits.
Indeed, tomato presents many biological advantages, such as its short generation cycle as well as its
ease of crossing and control of fertilisation. Moreover, it is cultivable all year long and easily
transformed by genome editing technics. Furthermore, the tomato genome has been fully sequenced and
annotated since 2012 (The Tomato Genome Consortium, 2012). It has a total size of 900 Mb, spread
over 12 chromosomes, and presents about 33 000 genes among which more than 5 000 are preferentially
expressed in fruits (Fernandez-Pozo et al., 2017). Nowadays, many mutants have been generated and
are available in several collections allowing the identification and characterisation of genes associated

with interesting phenotypical traits (Okabe et al., 2011; Just et al., 2013).
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1V, Development of tomato reproductive tissues

Tomato is a perennial herbaceous plant in warm and temperate climates, and it is usually grown
as an annual. The tomato is a neutral day plant, which means that its flowering depends on the
photoperiod. Its development cycle from seed to seed is between 90 and 120 days, depending on the

cultivar.

1. Flower development

Tomato flowers are hermaphroditic and self-fertile. They are actinomorphic flowers with
pentameric symmetry (Figure [.5A), whose calyx consists of five green sepals that persist at the top of
the fruit after fertilisation, the corolla carries five yellow petals fused at the base, and the androecium is
composed of five stamens whose elongated anthers form a cone constricted around the pistil. The
stamens have dehiscence, allowing the pollen to be released inwards, thus facilitating the self-
fertilisation. Besides, the gynoecium consists of a pistil formed by two fused carpels, structuring an
ovary generally bi- or trilocular with central placentation (Figure 1.5B). When the flower reaches
maturity, called the anthesis stage (Figure 1.5C), the anther opens and allows the release of pollen that
will be deposited on the stigma of the pistil, finally inducing the fertilisation of the ovule and the
beginning of the development of the fruit. Sometimes, fruits can develop without necessary fertilisation

and thus do not have seeds, referred to as parthenocarpy.

2. Fruit development

The tomato fruit is a fleshy berry-like fruit that consists of a pericarp (skin and fleshy part) and
a pulp (placenta and seeds) (Figure 1.6). From a histological point of view, after fertilization, the wall of
the ovary is transformed into a pericarp, characterised by three cellular layers, namely the exocarp, the
mesocarp and the endocarp. The exocarp is the outermost part of the fruit formed by a layer of epidermal
cells associated with a collenchymatous tissue where starch and plastids can accumulate. Moreover, the
exocarp is externally covered by a cuticle deposit which increases as the fruit grows. Next, the mesocarp
is the intermediate layer of the pericarp, composed of a parenchyma formed by large cells carrying large
vacuoles. The mesocarp cells are the site of endoreduplication, a process during which genetic material
is replicated without cell division (Bourdon et al., 2010). Finally, the endocarp constitutes the innermost
part of the pericarp formed by a cell bed lining the interior of the seed coat. On the other hand, inside
the fruit, the fertilised ovules will evolve into seeds, and the placenta will be transformed into locular

tissue, which will become gelatinous during ripening.
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Figure 1.5: Structure and development of Solanum lycopersicum flower. Floral diagram of tomato
flower (A); Longitudinal view of tomato flower (B); Sequential development of tomato flower (C),

adapted from (Brukhin et al., 2003). S (sepal), P (petal), E (etamins), C (carpel).
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Figure 1.6: Anatomical view of Solanum lycopersicum cv. M82 fruit at mature green stage (all tissues

are fully developed), from Tomato Expression Atlas (Fernandez-Pozo et al., 2017).
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From a physiological point of view, the development of the fruit is characterised by three distinct
phases of development: the cell division phase, the cell expansion phase and the maturation phase

(Figure 1.7).
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Figure 1.7: Tomato fruit development, adapted from Tomato Expression Atlas (Fernandez-Pozo et
al., 2017). DPA: day post anthesis

a. Cell division phase

The first phase of fruit development is characterised by an intense cell division activity resulting
in an increase in the number of cell layers within the pericarp. This phase starts with fertilisation and
lasts for about ten days, depending on the variety. We can distinguish two types of divisions: the
anticlinal divisions, characterised by a division plane perpendicular to the surface of the fruit, and the
periclinal divisions, in which the division plane is parallel to the surface of the fruit. During the cell
division phase in tomato fruit, there is a considerable increase in anticlinal divisions (about 70%) in the
epidermal layers leading to a rise in the number of cell bases and thus an increase in the fruit surface

(Renaudin et al., 2017).

b. Cell expansion phase

Cell expansion starts when the division phase ends and mainly determines the final size of the
fruit. Cell expansion in plants occurs primarily by turgor. In short, the accumulation of metabolites
(mainly sugars, organic acids and ions) in the vacuole induces a difference in osmotic potential resulting
in an influx of water into the vacuole leading to its enlargement and cell expansion eventually. Moreover,
we can observe during this expansion phase augmented cell volumes up to 100 times their initial

volumes, thus reinforcing the role of cellular expansion as a crucial process to influence fruit size.
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¢. Ripening

The last stage of fruit development, ripening, is associated with the maturation of the seeds. It
is a complex and species-dependent process whose purpose is to make the fruits attractive to encourage

their consumption and promote the dissemination of seeds.

The ripening process involves many biochemical, physiological and structural changes in all the tissues
of the fruit. Tomato belongs to climacteric fruit, therefore tomato ripening depends on a specific
phytohormone, ethylene (Lelievre et al., 1997). The beginning of the ripening phase is characterised by
an increase in ethylene content concomitant with an increase in respiratory flow. Once this climacteric
crisis is achieved, fruits can ripe either attached or detached from the plant. Moreover, during ripening,
the starch stored in the fruit is remobilised to be transformed into soluble sugars, which is associated
with an active respiratory metabolism. In addition, ripening involves the transition of chloroplasts into
chromoplasts that will accumulate antioxidant metabolites such as polyphenols and carotenoids,

inducing the colour change of the fruit.

To conclude, the development of the tomato fruit is thus characterised by three distinct
developmental phases (Figure 1.7), with dynamic physiological and metabolic activities suggesting an
active antioxidative metabolism during all developmental steps. Meanwhile, tomato is composed of
many antioxidant molecules that accumulate mainly during ripening concomitantly with the climacteric
crisis. However, no detailed analysis of redox metabolism during development has been performed to

date.

B. Basics of redox biology in plants

Reduction-oxidation (redox) processes are electron transfers from a reductive agent to an
oxidising agent, thus including both an oxidation of the reductive agent and a reduction of the oxidising
agent (Figure 1.8). Oxygen (*°0) is the third-most abundant element in the universe after hydrogen and
helium, and the major oxidative compound found on Earth (ground state oxygen, constituting c.a. 20.8%
of the atmosphere). Oxygen was discovered by Scheele, Joseph Priestley and Antoine Lavoisier in the
late 18th century. The French chemist Antoine Lavoisier named it after the Greek words oxy and genes,
meaning respectively “acid” and “producer” because of its oxidant properties (Figure 1.9). It was later
demonstrated that O, can be produced by plants and is necessary for animals to survive by allowing
them to propagate and release the energy they collect from their environment. In short, oxygen and the

resulting redox processes are the basis of life on earth.
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I, Oxidative metabolism in plants

Plants and others photosynthetic organisms, such as green algae and cyanobacteria, drive
electron flow from the light-driven splitting of water (H,O) to produce O, during photosynthesis (Foyer,
2018). In tissues with low or no photosynthesis activity, such as fruits and roots, chemical redox couples
can also drive the flow of electrons to generate the energy needed for growth during mitochondrial
respiration (Schertl and Braun, 2014). In other words, central metabolism produces reducing power (7.e.
NADH and NADPH) that will be used during oxidative respiration and allows plants to create the energy
necessary for their growth. Consequently, this redox biochemistry generates the famous reactive oxygen

species (ROS).

1. Natures and sources of ROS in plant cells

ROS encompass highly reactive molecules that are partially reduced or excited forms of O,
including, e.g. singlet oxygen (*O.), the superoxide anion (O,"), hydrogen peroxide (H.0,), and the
hydroxyl radical (OHe) (Apel and Hirt, 2004) (Figure 1.10). Among these ROS, H,O, shows a longer
lifespan, diffusion distance and stability, making it the best candidate for oxidative signalling (Exposito-
Rodriguez et al., 2017; Mittler, 2017). Plant ROS are mainly produced during three fundamental

biological processes: chloroplastic photosynthesis, peroxisomal photorespiration, and mitochondrial

respiration.
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Figure 1.10: Reactive oxygen species (ROS) produced from atmospheric diatomic oxygen gas.
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From a quantitative perspective, chloroplastic photosynthesis is the primary ROS producer in
photosynthetic tissues, especially in producing H,O> and O;". Firstly, superoxide anion and hydrogen
peroxide can be produced by photosystem I (PSI) (Figure 1.11) by reducing molecular oxygen through
the Mehler reaction. This reaction is concurrent to the reduction of NADP", meaning that O, competes
with NADP" to collect the electron from PSI. In this context, the photoreduction of O, can be considered
an outlet to dissipate excess of reducing power (i.e. NADPH) or a non-expected leak of electrons leading
to superoxide anion production. Secondly, superoxide anion inherently dismutates or could be
enzymatically dismutated by superoxide dismutases (EC 1.15.1.1; SODs) to H,O, that can subsequently
be reduced to form HO' via the Fenton reaction. Finally, singlet oxygen is synthetised by photodynamic
oxidation of ground-state oxygen that can be driven by the energy transfer from excited chlorophylls

triplet to O in photosystem II (PSII) (Figure 1.11) (Fischer et al., 2013).

In non-photosynthetic tissues, ROS mainly originate from the mitochondrial electron transport
chain (mETC) that consists of four main enzymatic complexes, CI (EC 1.6.5.3; NADH:ubiquinone
oxidoreductase), CII (EC 1.3.5.1; succinate dehydrogenase), CIII (EC 1.10.2.2; cytochrome creductase)
and CIV (EC 1.9.3.1; cytochrome c oxidase) linked to the ATP synthase (CV) (Figure 1.11). Among
these complexes, CI and CIII are known to be the major contributors to mitochondrial superoxide
production (Markevich and Hoek, 2015). In complex I, NADH oxidation allows the reduction of flavine
mononucleotide (FMN) to FMNH' resulting in the production of O™ by electron transfer to O, thereby
generating H,O» through the activity of specific SODs (Smirnoff and Arnaud, 2019).

Besides ROS-generating systems, plant mitochondria specifically harbour alternative NADP(H)
dehydrogenases (AltDH) that face both the matrix and the intermembrane space, and the alternative
oxidase (AOX) (Figure 1.11). These enzymes are alternative respiratory routes, which do not produce
energy, but allow viability when the enzymes of the main pathway are overworked by removing excess
of reducing power in the mitochondria, which will balance the redox poise (Rasmusson et al., 2008,

2009; Schertl and Braun, 2014).

Photorespiration is a highly compartmentalised pathway occurring in plant cells due to the
oxygenase activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO; EC 4.1.1.30) that
leads to the synthesis of a toxic compound, 2-phosphoglycolate (2PG) (Hodges et al., 2016). This
pathway allows 2PG processing using chloroplastic, peroxisomal and mitochondrial enzymes. First,
2PG is converted into glycolate in the chloroplast that will be transported to the peroxisome to be
oxidised in glyoxylate by the glycolate oxidase (EC 1.1.3.15, GOX), thereby generating H,O,. Next,
glyoxylate is converted into glycine that will be exported to the mitochondria allowing reducing power
regeneration during glyoxylate conversion to serine. Finally, serine is converted to glycerate then 3PG,
thus re-joining the sugar-phosphate synthesis pathway (Figure 1.11). Quantitatively, the contribution of

peroxisomal volume to total cell volume is small: 1% for peroxisomes compared to 12% for chloroplasts
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in leaves (Queval et al., 2011). Nonetheless, peroxisomes are predicted to be a major source of hydrogen

peroxide in active photorespiratory cells.

Major sources of plant ROS

Chloroplastic
photosynthesis ~ RuBP

A
PGA Glycolate
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" NADP linked

o dehydrogenase Glycolysis
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NADPH
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Figure I.11: Basics of ROS biology in plants.

mtETC, mitochondrial electron transfer chain; PRX, peroxidase; TCA, tricarboxylic acid; CI-V,
complex I-V; AOX, alternative oxidase; AltDH, alternative dehydrogenase; cyt. ¢, cytochrome c;
RuBP, ribulose 1,5Bisphosphate; PGA, phosphoglycerate; Sugar-P, sugar-phosphate; PS,
phostosystem. From (Decros et al., 2019a).
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In addition, plants harbour several other ROS producing systems such as xanthine
dehydrogenases (EC 1.17.1.4; XDH) or NADPH oxidases (EC; 1.6.3.1), which generate O," by single-
electron reduction of oxygen. XDH are important enzymes involved in the hydroxylation of
hypoxanthine to xanthine but can also form O™ when molecular oxygen is used as the electron acceptor.
While XDHs in mammals can be converted into xanthine oxidases (EC; 1.17.3.2) that produce both O,
and H»O,, plant XDHs only form O,", which will swiftly dismutate into H.O, (Yesbergenova et al.,
2005; Ma et al.,, 2016). The NADPH oxidases, also named Respiratory Burst Oxidase Homolog
(RBOR), are well known key players in extracellular ROS production, especially in response to biotic
and abiotic environmental challenges (Torres and Dangl, 2005; Suzuki et al., 2011). These plasma
membrane-bound flavoproteins can oxidise NADPH to produce O, in the apoplast. Moreover, RBOHs
appear active in several other organelles (e.g. mitochondria, vacuole, endoplasmic reticulum, nucleus)
and may be regulated by calcium and several (de)phosphorylation reactions (Gilroy et al., 2014; Mittler,
2017; Chapman et al., 2019; Lee et al., 2020).

Furthermore, class III peroxidases (EC 1.11.1.7, PX) are heme-containing enzymes that produce O,
and H>O, at the apoplast (Bindschedler et al., 2006; Cosio and Dunand, 2009; O’Brien et al., 2012).
Although H,O, formation is enhanced at high pH in the presence of reductants (O’Brien et al., 2012),
spontaneous dismutation might also occur. Remarkably, data from the literature highlight a substantial
contribution of the apoplast in generating ROS in metabolically active leaves: > 90 nmoles.g™ FW for
the apoplast, versus 0.95, 0.04, 0.015 and 0.48 nmoles.g® FW for the chloroplast, mitochondrion,
peroxisome and cytosol, respectively (Foyer and Noctor, 2016). This can also result from the redox
status of each compartment since chloroplasts, mitochondria, peroxisomes and cytosol are more

reduced, while the apoplast and the vacuole appear to be more oxidised (Foyer and Noctor, 2016).

Hence, by focusing on the metabolically active, highly reduced organelles, the proportion in ROS
formation would be 1% for the peroxisomes, 3% for the mitochondria, 32% for the cytosol and 64% for

the chloroplasts.

However, knowledge is still fragmentary on the contribution of each source of ROS for fruit
tissues. Of course, due to low photosynthetic metabolism in fruit, one could predict different values,
which further depends on the plant species that exhibit diverse biochemical pathways able to scavenge
and process cellular ROS. Regardless, mitochondria, peroxisomes and the apoplast are assumed to be
leaders in ROS production in flowers and fruits (Qin et al., 2009a, 2009b; Rogers and Munné-Bosch,
2016).
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2. Dual effects of ROS: damages and signals

ROS were first identified as toxic by-products of aerobic metabolism, but decades of research
on redox biology pointed to a dual role for ROS in plants where they both act as toxic by-products of
aerobic metabolism, and powerful signals that modulate plant functions (Mittler et al., 2011; Mittler,

2017; Foyer, 2018).

The harmful effects of ROS are mainly the oxidation of DNA bases, proteins and the lipid
peroxidation of polyunsaturated fatty acids (Figure 1.12) (Apel and Hirt, 2004; Qin et al., 2009a; Nimse
and Pal, 2015). In DNA, ROS can oxidise deoxyribose and nitrogenous bases leading to DNA breaks or
changes of DNA bases, which in turn increases mutation rates, thus endangering cell viability.
Moreover, ROS may inflict damages to protein structures inducing changes in the catalytic activity of
enzymes and perturbations in the regulation of metabolic pathways. The effects of ROS on proteins can
be several: cleavage of peptide bonds, oxidation of amino acids and aggregation between proteins.
Briefly, cysteine (Cys) thiol radicals can be oxidised by H,O, inducing a switch of thiols (-RSH) into
disulfides (-RSSR-) or trisulfides and even into tetrasulfides (Noctor et al., 2011). These changes result
in structural changes within target proteins and modifications of their function that can affect enzymatic
properties, transcription, phosphorylation and other signalling processes. As the contrary of nucleotides,
damaged proteins need to be processed by the proteasome to avoid undesired proteins interactions and
perturbations of signalling network. Lastly, membrane phospholipids can be oxidised by ROS leading
to lipid peroxidation and compromising membrane integrity, and thus, cell viability. Lipid peroxidation
by ROS can be described in three sequential steps that are initiation, propagation and termination
(Figure 1.12). It starts with the initiation phase during which ROS oxidise the double carbon bond of
polyunsaturated fatty acids forming a carbon-centred lipid radical that will be stabilised by molecular

rearrangement of adjacent double carbon bonds.

Then, during the propagation phase, lipid radical will promptly react with oxygen to create a lipid
peroxyl radical that detaches one hydrogen from another lipid and thus produces a new lipid radical and
a lipid hydroperoxide. Finally, during the termination step, an antioxidant reduces the lipid peroxyl
radical resulting in the production of nonradical products such as malondialdehyde (MDA), which is a
powerful mutagenic product and a marker of oxidative stress. Nevertheless, all the damages caused by
ROS can be grouped under the name “oxidative stress” which represents the perturbation of redox
homeostasis in which the antioxidant capacity is no longer sufficient to prevent ROS from causing

cellular damage.
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Figure 1.12: Global view of ROS damages on DNA, lipids and proteins. Adapted from (Mittler et
al., 2017)

On the other hand, ROS have been identified to participate in numerous biological processes by

their signalling ability. For instance, cell death was first described as a result of the damaging effect of

oxidative stress but is now considered as the result of a physiological pathway using ROS to trigger cell

death signals (Berghe et al., 2014). Another example of ROS beneficial aspects is the induction of innate

immune responses during biotic stress, where pathogen recognition by pathogen associated molecular

patterns (PAMPs) triggers an oxidative burst producing ROS by phosphorylating NAPDH-dependent
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RBOH allowing rapid and long-distance signalling (Lee et al., 2020). Furthermore, ROS-mediated redox
signalling appears to be a crucial actor in stem cell research topic by regulating their differentiation,

expansion and survival (Owusu-Ansah and Banerjee, 2009; Sart et al., 2015).

Hence, low levels of ROS in pluripotent stem cells (PSC), due to their low content in mitochondria,
sustain the capacity of self-renewal and increase the retention of multipotency. Upon differentiation,
mitochondrial synthesis is increased leading to a higher levels of ROS production, and thus changes in
cellular redox state. The discrepancies in redox profiles of PSCs will define their differentiation
pathways, in osteoblast or adipocyte lineage for example, by activating different transcriptional factors
(Imhoff and Hansen, 2011). These are a few examples of the implication of ROS in plant physiology,
which has been extensively reviewed over the past decades (Foyer and Noctor, 2016; Rogers and

Munné-Bosch, 2016; Chaput et al., 2020; Lee et al., 2020).

It therefore appears that a physiological level of ROS is required for normal organism
development and that ROS-mediated redox signalling (detailed below in part C) is involved in numerous

crucial developmental steps and in response to the environment (Figure 1.13).

II, Antioxidant metabolism and ROS scavenging systems

As scientists like to point out the sessile nature of plants life, they developed a myriad of
antioxidant metabolites to handle the ROS processing during growth, which regulates the cellular redox
balance. ROS produced in the plant cell can be scavenged, or more precisely processed, by highly
efficient antioxidant systems. If not, ROS levels exceeding the requirement of metabolic processes
would induce oxidative stress damaging cellular structures and functions (Mufioz and Munné-Bosch,
2018). Basically, antioxidants refer to all biomolecules, including metabolites, that can process ROS
and/or reactive nitrogen species to delay or avoid cell damages and for signalling processes (Nimse and
Pal, 2015). Antioxidants include metabolites with antioxidative properties that are found in every
organelle, and which are profuse in diversity and quantity in plants, particularly in fruits (Mufioz and
Munné-Bosch, 2018; Decros et al., 2019a). Besides metabolites, the antioxidant machinery is illustrated
by a few major enzymes that are tightly linked to the pool of major redox buffers in order to process
ROS rapidly (Figure 1.13). These ROS-processing systems are key components of plant metabolism,
and they could link to developmental processes or responses to environmental changes, as detailed

further below.
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and in response to environmental stimuli. Redox homeostasis relies on the balance between ROS
production (left side) and processing (right side) (B). ASC, ascorbate; CAT, catalase; DHA,
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peroxiredoxins; ROS, reactive oxygen species; SOD, superoxide dismutase; TRX, thioredoxins.

From (Dussarat et al., 2021).
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1. Diversity of plant antioxidant metabolites

Because of their complex oxidative metabolism (ROS production, described above), plants have
developed a wide range of antioxidative metabolites as well as pathways to synthetise, catabolise and
regenerate them. Plant antioxidant metabolites have been intensively studied because of their numerous
benefits for human diets, particularly in fruit tissues, and even more in citrus and berry fruits,
representing our main source of major antioxidants. Antioxidants can be distributed into several
biochemical classes (Figure 1.14), including phenolics, terpenoids, thiol-derivatives and vitamins, for

which common metabolites and their antioxidative mechanisms are listed in Table I.1.
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Figure 1.14: Examples of fruit antioxidants. Chemical structures of several metabolites presenting
antioxidative properties. The major redox buffer NAD, ASC and GSH are also presented. For further

detail, please refer to Table I.1. (Images taken from PubChem)

Terpenoids, also known as isoprenoids for their core structure, can be divided into several
classes based on their carbon skeleton (GraBmann, 2005). Carotenoids are the main group of terpenoids
with more than 600 identified and characterised. They are pigments used for light harvesting, preventing
photooxidation and increasing fruit attraction for seed dispersion (Young and Lowe, 2018). Here, I will
focus on carotenoids among other terpenoids because they are widely studied concerning their
antioxidant properties and biological effects in plants and mammals. While antioxidants are often shared
by plant species, most plant families have developed their own range of specific antioxidant metabolites

within their botanical taxa. Quite importantly, some major redox buffers shared between species, such
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as ferredoxins, pyridine nucleotides, thioredoxins, glutathione (GSH) and ascorbate (ASC), can be
distinguished as they play a fundamental role in the development of plants and their responses to the
environment, thus in plant performance (Balmer et al., 2004; Geigenberger and Fernie, 2014;

Geigenberger et al., 2017; Gakieére et al., 2018a; Noctor et al., 2018).

Due to the wide diversity of fruit metabolites harbouring antioxidant activity, they can process
ROS in many ways. Most antioxidants spontaneously react with ROS, although enzymes such as
peroxidases and “redoxins” catalyse several reactions. Moreover, antioxidants remarkably participate in
recycling pathways, such as the glutathione-ascorbate cycle, to maintain the redox state of the main
redox buffers through the activity of specific enzymes. The importance of such systems for fruit biology
is detailed further. However, a large number of studies have focused on plant antioxidants and
demonstrated their numerous health benefits (Kelley et al., 2018; Pohl and Kong Thoo Lin, 2018). They
are used as potential treatments for some chronic diseases, including diabetes, cardiovascular and
neurodegenerative pathologies, as well as various types of cancer due to anti-inflammatory, anti-aging,
anti-cancer effects on /n-vitro cultivated cells and in-vivo studies (Cory et al., 2018; Kelley et al., 2018),
and references therein). The main class of antioxidant metabolites found in plants and especially in fruits

will be shortly described below.
a. Polyphenols

Among fruits antioxidants, phenolic compounds, or polyphenols, constitute a very diverse class
of biochemicals (for updated details about their classification and fruit bioavailability see http://phenol-

explorer.eu/compounds/classification). These specialised metabolites are composed of at least one

aromatic cycle carrying hydroxyl groups such as gallic acid (Figure 1.14). They exist as free forms or as
conjugates with diverse acids, sugars and other molecules that are either hydrophilic or lipophilic.
Phenolics can be subdivided into four main groups according to their core structure, namely,
hydroxycinnamic acid derivatives, hydroxybenzoic acid derivatives, flavonoids and stilbenes, which
mainly act through direct scavenging of ROS (Singh et al., 2017). For each category, common fruit
polyphenols and their antioxidant activities are presented in Table I.1. Noteworthy, their total
concentrations considerably vary between plant species. For instance, plum (sanhua), tomato and
watermelon (red pulp) contain 495.12 + 0.91, 30.74 + 1.58 and 10.32 + 1.43 mg of gallic acid equivalent
for 100 g of fresh weight, respectively (Chen et al., 2014). Nowadays, phenolic compounds have been
intensively studied for their various health benefits for human health, more particularly for their anti-

inflammatory, anti-cancer and anti-diabetes properties (Gorzynik-Debicka et al., 2018; Olas, 2018).
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b. Carotenoids

Carotenoids are a major family of hydrophilic and lipophilic plant antioxidants that are present
in red/yellow-coloured fruits. These tetraterpenes are formed by the conjugation of two C20-units and
harbour a polyene backbone composed of a series of C=C conjugated bonds, providing pigmenting and
photoprotective properties through the scavenging of singlet oxygen and peroxyl radicals. Based on their
functional group, they can be divided into carotenes composed of carbon and hydrogen atoms only
(Figure 1.14), and xanthophylls containing at least one oxygen atom (Grafmann, 2005; Young and
Lowe, 2018). Based on the radical species, carotenoids employ different mechanisms of antioxidant
action. Their distinguishing feature is the ability to process singlet oxygen both physically and
chemically. In most cases, energy transfer physically processes singlet oxygen, and the excess of energy
is dissipated as thermal energy to bring back carotenoids to their ground state. Subsequently, chemical
quenching by carotenoids induce their breaking and the release of smaller molecules with various
activities and signalling in cells (GraBmann, 2005; Edge and Truscott, 2018). Besides their interactions
with radical species, carotenoids can also interact with other antioxidants, for instance, to regenerate a-
tocopherol, or be regenerated by ascorbate. However, carotenoids can also exhibit pro-oxidant activity,
for instance, by enhancing ascorbate oxidation depending on the oxygen concentration (Edge and
Truscott, 2018). The major carotenoids present in fleshy coloured fruits are listed in Table I.1. For
example, red and orange pigments such as lycopene and carotene are contained in tomato (7.8-18.1 and
0.1-1.2 mg.100 gFW, respectively), in apricot (1.5-3.8 mg.100 gFW™ of B-carotene) and in buffalo
berry (1.82-3.6 g.100 gFW™ of lycopene) (Sass-Kiss et al., 2005; Riedl et al., 2013; Marti et al., 2016).
As a result of their capacity to process radical species and reduce other antioxidants, carotenoids are
recognised as healthy compounds for their anti-inflammatory, anti-cancer and pro-vitamin A effects

(Marti et al., 2016; Chaudhary et al., 2018).
c. Thiols

Thiols are organosulfur compounds characterised by the presence of a sulfhydryl group that is
highly sensitive to oxidation leading to a perturbation of the cellular redox homeostasis. Two main
groups of thiol components can be distinguished: the key thiol reduction enzymes, described below, and
the crucial thiol metabolite, glutathione (GSH) (Figure 1.14). GSH is a eukaryotic ubiquitous thiol,
essential for the maintenance of cellular redox homeostasis. Several evidences indicate that GSH is part
of the signalling cascade from ROS, controlling crucial metabolic steps for plant development (i.e., cell
cycle, stress tolerance and apoptosis), and in the control of blossom-end rot in tomato fruits for example
(Mestre et al., 2012). The thiol group of GSH allows it to act as a free antioxidant, scavenging directly

or enzymatically radical species or by regenerating other oxidised compounds such as ascorbate.

From a quantitative perspective, GSH is contained in mango at 1.3 mg.100 gFW"' (= 4.2
nmol.100g.FW™) and in tomato from 19.5 to 46 mg.100 gFW"' (= 60 to 150 pmol.100g.FW™)
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(Giovinazzo et al., 2004; Cervilla et al., 2007; Ding et al., 2007). Glutathione metabolism will be further

detailed below in this chapiter.
d Vitamins

The class of vitamins includes a large number of molecules, either lipophilic or hydrophilic,
with antioxidant properties that are beneficial for human health. Among the liposoluble vitamins,
tocochromanols represent the biggest category and refer to tocopherols and tocotrienols, also known as
vitamin E in humans, which are lipophilic chain-breaking antioxidants in plants (Table I.1). The most
studied form is a-tocopherol (Figure 1.14), due to its high content in numerous fruits and well-studied
effects on human health (Knecht et al., 2015). a-tocopherol is an essential macronutrient for human
beings maintaining cell membrane integrity and limiting lipid peroxidation by scavenging free radicals
with a higher affinity than -carotene or polyunsaturated fatty acids. To process ROS, a-tocopherol loses
a hydrogen atom and produces an a-tocopheroxyl radical that can be regenerated in tocopherol by
ascorbate or go through additional reduction leading to the production of a-tocopherol quinones and
hydroquinones, which are used as markers of oxidative stress in-vivo. Nevertheless, in conditions with
low ascorbate concentrations, tocopherols switch to a pro-oxidant activity (Bowry et al., 1992). As an
example, tomato and green olives contain 0.5-1.1 and 3.8 mg.100 gFW™ of tocochromanols, respectively
(Chun et al., 2006; Raiola et al., 2015). Several reports indicate the beneficial effects of tocochromanols
for human health, such as for cancer, neurodegenerative diseases (ie. Alzheimer), cardiovascular

pathologies and other physiological disorders (Shahidi and de Camargo, 2016; Gugliandolo et al., 2017).

At the top of hydrosoluble vitamin sits ascorbic acid, or ascorbate (ASC), also known as vitamin
C in humans, which is an essential water-soluble macronutrient for life because of its antioxidant
properties (Nimse and Pal, 2015; Smirnoff, 2018). Briefly, ASC is a ubiquitous sugar-derivative organic
acid with antioxidant properties that are essential in the human diet due to a loss of synthesis ability
during evolution. The main sources of ASC in food come from plants and fruits, among which tomato
constitutes the most important contribution in terms of consumption. For example, ASC is found in
commercial cultivars of tomato from 10 to 15 mg.100 gFW™, in strawberries from 54 to 87 mg.100
gFW™ and one of the highly concentrated fruit is the camu-camu, from 2.4 to 3 g.100 gFW™ (Justi et
al., 2000; Skupien and Oszmianski, 2004; Stevens et al., 2007). As for glutathione, ascorbate metabolism

will be reviewed in the following section.
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Table 1.1: Examples of major antioxidant metabolites in fruits.

Antioxidative

Biochemical class )
metabolite

Compound class

Antioxidant activity

Effect on human health

Source example [per 100 g Fv)

Key references

Polyphenols

Hudramycinnamic aci Caffeic acid

Scavenge ROS and peraxyl radicals

Irhibit lipid perosidation

Anti-inflammatory
Preventive effectz for diabete
Cardiovascular protective effects

0.1-13mgintomata
0.4 - 35 pgin blusberies

L. Fuetal, 201

‘wholfe et al., 2008
‘wanget al., 2007
Olas., 2018

Feruliz acid

0.2-0.5mgin tomata
26 - 165 pgin blusberries

‘wang et al, 2007

p-coumarnic acid

0- 0.6 mgin tomata
53 - 225 pgin blueberries

15 - 42 mgin strawberries

Skupien and Dszmianski.,
z004
Marti et al., 2016

Hudromybenzoic acic Gallic acid

Scavenge peroxyl radicals and ROS

2 - 3 mgin differents cultivars of blackberies

‘wWada and Ou., 2002
‘w'anig et al, 20T

Scavenge free radicals
Acylation of anthocyanins with phenolic agid increase the antioxidant

Meuroprotective effects

154 - 1001 pg in blueberries of Cyanidin

Skupien and Oszmizanski.,

2004

Flavonoids Anthocyarins activity up_._n_uom_._.om_ " " 25-40 mygin strawberries of total anthocyanins Khoo et al., 2017
y - involued in treatment of cardiovascular dissases
Prevent lipid perosidation ‘w'ang et al., 207
Regulate superoxide praduction Fraga et al., 2015
Catechin Prevent lipid perasydation 180 - 338 pg in blusberies ‘wang et al., 2017
Scavenge MO and ROS Regulation of transcription factors invalved in 6-13 mgin different cultivars of strawberries Skupien and Oszmianski.,
ovidative stress responses 2004
- Meuroprotective and cardioprotective effects 0.7-4.4 mgin tomata _U_._mr\\_n_rm-v_ eral, 201
Rerciin Anti-cancer 202 - 266 pain blueberies Mantf et 2l 2018
R wiang et al., 2017
. Scavenge A0S and perosyl radicals N " . _ . . ‘wiang et al., 2007
Stilbenes Resveratral Inhibit ipid pereridation Mevroprotective and cardiopratective effects 51-97 pginblueberries Cory et al. 2018
Caratencids Process singlet ouwgen Anti-inflammatory _m_“n_m"\mr"m_‘__m_.w_no_._mm:mm_u{ 2013
Trap perowyl radicals Pro-vitamin & activity, converted to retinoids after . At et 3l
S . - - - T.8-181mgin tomata Chaudhary et al., 2013
Lycopers Irhibit radic al-induced lipid perosidation breaking [ocula protective effects] 182-3.6gindi . y
. . " .52-3.6 gin different buffaloberry cultivars Murillo et al., 2010
Reduce ROS production by nonphatachemical quenching of Enhance immune system Crafmann 2005
chlorophull flusrescence Anti-proliferative and anti-carcinogenic Eisdlet sl 2013
200 pgin mandarins
Zeamanthin T.92mgin South American sapote Murillo st sl 2070

6 mgin orange pepper
340 pgin tomato

B-carotene

0.1-1.2 mgin tomata
1.5-3.8 mq in apricot

Manti et al., 2015
Sass-Kiss et al., 2005

a-tocopherol
Tocochromanols P

Prevent lipid peroxidation by scavenging free radicals [donating
hydrogens] using ascorbate to be regenerated

Anti-anemia

1.6 -3.2 mginred sweet pepper

Thiols Ding et al., 2007
Pracess ROS via enzymatic and non-enzymatic reactions 1.3 mginmango Fitzpatrick et al., 2012
ROS scavenging Neuropratective effects Smeyne and Smeyne. . 2014
Glutathione  Maintain thiol equilibrium ool P h . d Z10-235 pgin strawberries Erkan et al., 2005
S-glutathiorwlation of Cys residues allowing regulation of central nualue in asthma prevention and treatment Martinz et al.. 2013
metabolizm during osidative stresses 16-13.5 mgin tomato Moctor et al., 2015
Keutgen and Pawelzik 2007
Vitamins 0.5-1.1 mgin tomato; 0.6-0.8 pgin MonewMaker cultivar A. Gugliandalo et al., 2077

Giovinazzo et al., 2004
Chaudhary et 2l 2018
Amitava and Kimberley.,

Anti-cancer

4-ZJgin camu-camuy

[Vitamin E] Prevent the oxidation of carotenoids Meuropratective effects 3 Bmai " 2014
Eszzential macronutrient for human maintaining cell membrane integrity - Mg ingresn slves X
Raiola et al., 2015
of tatal toconheral + tocatrisnal Chun et sl 2006
10-15 mg in commercial cultivars of tomato and until 70 mg in Chaudhary et 2l 2018
P ancestral cultivars Manti et 2l 2013

Ascorbate Pracess BOS via enzymatic and non-enzymatic reactions At .:_"_mav__.:mno_v_ Stevens et al., 2007
[Vitamin C) Allow the regeneration of tacopherals and caratenoids 24-87 mygin different cultivars of strawberries n and Oszmianski..

st et gl 2000
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2. Major redox buffers

Ascorbate and glutathione are at the forefront of plant soluble antioxidants because they
constitute the first ubiquitous layer of metabolic defence against oxidative damages in plant cells.
Indeed, ROS react preferentially with ASC and GSH, in non-enzymatic and/or in enzymatic mechanisms
that can induce redox signalling mechanisms thus participating in the monitoring of plant development.
These major cellular redox buffers interact together in a ménage-a-trois to promptly process ROS, while
maintaining their redox state in highly reduced condition, within the ascorbate-glutathione pathway (also
known as Foyer-Asada-Halliwell) (Foyer and Halliwell, 1976; Asada, 1999; Foyer and Noctor, 2011)
using reducing power from pyridine nucleotides (i.e. NADH and NADPH), which are other ubiquitous
redox carriers (Pétriacq et al., 2016a; Gakiere et al., 2018b). However, few limited data is available in
fruit, some are listed in Table 1.2. These three cellular redox buffers have been the most studied because
of their ubiquity between kingdoms, the conservation of associated redox pathways during plant
evolution and their implication in a plethora of fundamental developmental processes. The following

sections will describe each of these main chemical redox couples and their role in plant performance.

Table 1.2: Examples of ASC, GSH and NAD/P(H) sources in fruits. From (Decros et al., 2019a).

Source example (per 100 g FW)

References

10 to 15 mg in tomato
34-87 mg in sawberries

2.4-3 g incamu<amu

Stevens etal., 2007
Skupien and Oszmianski., 2004

Just et al., 2000

1.3 mg in mango
16-155 mg in tomato

210-258 pg in strawberries

Ding etal., 2007
Giovinazzo et al,, 2003
Cervilla et al., 2007

Keutzen and Pawelzik 2007

3.2 mg in red fruits and 2.2 mg at breaker
stage in tomato

780 pg in crange

400 pg in grapefruit

Osorioetal, 2013a
Centeno etal., 2011

Bruemmer., 1363

5.8 mg in red fruits and 4.9 mg at breaker
stage in tomato

170 pg in crange

50 pg in grapefruit

Osorioetal, 2013a
Centeno etal., 2011

Bruemmer., 1363

0.5 mg in red fruits and 0.8 mg at breaker
stage in tomato

89 pg in orange

69 pg in grapefruit

Osorioetal, 2013a
Centeno etal., 2011

Bruemmer., 1965

3.9 mg in red fruits and 3.2 mg at breaker
siage in tomato

115 pg in crange

89 pg in grapefruit

Osoricetal, 2013a
Centeno etal , 2011

Bruemmer., 1363
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a. Ascorbate
History

In 1753, the first report of a molecule to treat scurvy, a disease from which many seafarers
suffered at that time, was published. An English physician named James Lind published “A treatise of
the scurvy”. This work pioneered the link between the prevention of scurvy and the consumption of
fruit, especially citrus fruits. It was not until the 20th century that this molecule was purified in 1928 by
the Hungarian biochemist Albert Szent Gyodrgyi (Nobel Prize for Medicine and Physiology in 1937)
(Figure 1.15) from the adrenal gland and then from lemon. The name ascorbic acid was not given until
1932, in reference to its anti-scurvy effects. Like most antioxidants, this molecule was first studied from
a medical perspective in mammals but its precise role in plant development and the regulation of its

metabolism (7.e. synthesis, degradation and transport) remain to be deciphered.

AR ASE
—
H.0
o) MALICOD!

OH COOH (00
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Figure 1.15: Albert Sznet Gyo6rgyi (1893-1986). Nobel price of medicine and physiology for the

discovery of ascorbate and flavonoids.
Structure

As previously mentioned, ASC is a hydrosoluble organic acid derived from glucose. It is made
up of 6 carbon, 6 oxygen and 8 hydrogen atoms (CsHgOs) and has 3 different oxidation levels. It is found
in reduced form (L-ascorbic acid), in semi-reduced or mono-oxidised form (MonoDeHydroAscorbate;
MDHA) and in oxidised form (DeHydroAscorbate; DHA) (Figure 1.16). The sum of these three forms
constitutes the total pool of vitamin C, which can be more or less oxidised depending on the redox status
of the cell. Nevertheless, only the reduced form possesses an antioxidant activity thanks to its capacity

to release a proton from the hydroxyl group of carbon 3.

H,OH
HO \ __/ ~ [ Y LF — -
- "‘o"'- - ~of- L'loH
HO o on © OH OH
L-Ascorbate Monodehydro-L-ascorbate Dehydro-L-ascorbate
(ASC) (MDHA) (DHA)

Figure 1.16: Reduced and oxidized forms of ascorbate. From (Potters et al., 2002)
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Localisation

Ascorbate shows a great disparity in concentration between plants, for example, some exotic
fruits like camu-camu or goji berry have extremely high ascorbate levels (2.4-3g and about 2.5g. 100
gFW™, respectively). Moreover, there is also great diversity between different species of the same genus.
For instance, tomato has a high natural variability that has been reduced during domestication. Indeed,
wild species (Solanum pennelli) have up to five times more ascorbate than agronomic species (Solanum

Iycopersicum) (Gest et al., 2013).

On another scale, ascorbate is heterogeneously distributed in the different organs of the plant
but also between the different tissues in an organ and then in the subcellular compartments. Source
organs (Ze. leaves) have a stronger capacity to synthetise ascorbate than sink organs (Ze. fruits, roots,
meristem, etc.). Indeed, a substrate supply increases synthesis by 3 to 7 times in Arabidopsis leaves
while it does not affect flowers and siliques (Franceschi and Tarlyn, 2002). Furthermore, the tomato
fruit displays a gradient of ascorbate from the outside to the inside, in other words, the pericarp possesses
a higher ascorbate content than the gel and seeds. Finally, it was shown that ascorbate is distributed
evenly between the subcellular compartments. In a photosynthetically active Arabidopsis leaf cell, the
peroxisome and cytosol show the highest concentrations (22.8 and 21.7 mM, respectively), the nucleus,
chloroplasts and mitochondria also show ascorbate contents above 10 mM (16.3, 10.8 and 10.4,

respectively) while the vacuole shows lower contents (2.3 mM) (Figure 1.17) (Gest et al., 2013).

Nucleus Peroxisome
16.3 mM 22.8 mM

Chloroplast
10.8 mM

Cytosol Mitochondria
21.7mM 10.4 mM

Figure 1.17. Subcellular repartition of ascorbate in a photosynthetically active leaf cell of
Arabidopsis thaliana. From (Gest et al. 2012)
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Synthesis

In 1954, the ascorbate biosynthetic pathway in plants was partially described for the first time,
based on the pathway identified in animals. It was then in 1998 that the study of Arabidopsis mutants
led to the identification of the main biosynthetic pathways of ascorbate in plants, namely the D-
mannose/L-galactose pathway (Wheeler et al., 1998). Following, alternative ascorbate synthesis
pathways have been identified in plants, all ending in the formation of L-gulono-1,4-lactone or L-

galactono-1,4-lactone as the final substrate for ascorbate synthesis (Figure 1.18) (Bulley et al., 2009).

The main ascorbate biosynthetic pathway called the L-galactose or Smirnoff-Wheeler pathway
was first fully identified in Arabidopsisin 2006 (Ishikawa et al., 2006). It is a mainly cytosolic pathway
where only the last step, catalysed by the L-galactono-1,4-lactone (GLDH), is mitochondrial. This
pathway involves 10 steps starting from D-glucose, coming from UDP-D-glucose, itself derived from
starch as precursor. The six first steps are also common to cell wall precursors synthesis pathway (i.e.
GDP-D-mannose and GDP-L-galactose) whereas the 4 following steps are specific to the ascorbate

synthesis pathway (Figure 1.18).

It starts from the hexose phosphate pool with D-glucose-6-phosphate (G6P). Then, G6P is sequentially
converted into D-fructose-6-phosphate (F6P), D-mannose-6-phosphate (M6P), D-mannose-1-phosphate
(M1P) by phosphoglucose isomerase (PGI), phosphomannose isomerase (PMI) and
phosphomannomutase (PMM). Following, D-M1P is transformed into GDP-D-mannose by GDP-D-
mannose pyrophosphorylase (GMP and then be epimerized by GDP-D-mannose epimerase (GME) into
GDP-L-galactose. Thereafter, GDP-L-galactose will be transformed by GDP-L-galactose
phosphorylase (GGP) leading to galactose-1-phosphate (GallP) synthesis. Next, GallP is
dephosphorylated by L-galactose-1-phosphate phosphatase to produce L-galactose (Gal) which will be
oxidised by the L-galactose dehydrogenase (L.GalDH) into L-galactono-1,4-lactone. Finally, the 1-
galactono-1,4-lactone will be exported in the mitochondria to be oxidised by the GLDH to produce L-
ascorbic acid at the external face of the internal mitochondrial membrane. Several evidences support
that GGP, also known as VTC2 in Arabidopsis, can be considered as the most controlling enzyme of the
ascorbate synthesis pathway (Laing et al., 2007, 2017; Fenech et al., 2021). However, depending on the
species, GME and GPP enzymes can also have significant regulatory effects on ascorbate synthesis such

as in tomato (Stevens et al., 2007; Decros et al., 2019a).

27



Chapter I. Introduction — Redox biology

myo-inositol
Pathway

myo-inositol

MIOX 1

D-Glucuronate

L-Gulose
Pathway

GME/ GDP-D-Mannose XB‘ME

GDP-L-Gulose GDP-L-Galactose

'

= ~ > | -Gulono-1,4-Lactone

L-GulLO

L-Galactose
Pathway

D-Fructose-6-P

fou

D-Mannose-6-FP

IPMM

D-Mannose-1-P

IGMP

A

r

Cell wall precursors

D-Galacturonate
Pathway

D-Galacturonate

GGP (VTC2) 1D'Ga'U R

L-Galacturonate

L-Galactose-1-P

A

r

GPP )

L-Galactose )

A

L-Ascorbate

r

L-GalDH ’

L-Galactono-1,4-Lactone *

L-GalLDH

Figure 1.18: The four proposed ascorbic acid biosynthetic pathways in plants. Dashed arrows indicate

multiple and/or unknown biosynthetic steps. Name in brackets indicate the homolog genes in

Arabidopsis. GGP: GDP-L-galactose phosphorylase, GME: GDP-D-mannose-3’,5’-epimerase,
GMP: GDP-D-mannose pyrophosphorylase, GPP: L-galactose-1-P phosphatase, L-GalDH: L-

galactose

dehydrogenase,

L-GalLDH:

L-galactono-1,4-lactone

dehydrogenase, PMI:

phosphomannose isomerase, PMM: phosphomannose mutase. Adapted from (Bulley et al., 2009)
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Myo-inositol pathway is the main biosynthetic pathway of ascorbate in animals, the possibility
that an animal biosynthetic pathway is present in plants has never been ruled out. Overexpression in
lettuce and tobacco of the gene coding for rat L-gulono-1,4-lactone oxidase induces an approximately
sevenfold increase in ascorbate content (Jain and Nessler, 2000). In addition, ectopic expression of this
gene in leaves of Arabidopsis mutants containing lower levels of ASC (vzcl), restores ascorbate levels
(Radzio et al., 2003). In animals the substrate used for this enzyme is L-gulono-1,4-lactone, interestingly
the Arabidopsis vtc1 mutant produces very little quantity of this intermediate. In plants, the myo-inositol
is an osmolyte accumulated under stress conditions, which is converted to D-glucuronic acid by myo-
inositol oxygenase (Brown et al., 2006; Zhu et al., 2014). Thus, under certain conditions, these data

suggest the presence of an alternative pathway that can compensate for the L-galactose pathway.

D-galacturonate pathway is an analogous pathway to the biosynthetic pathway characterised in
animals, which proposes the conversion of D-Gal by a carbon skeleton inversion mechanism (Isherwood
et al., 1954). It was shown that galacturonic acid methyl ester could be directly converted to ascorbate
by bypassing reactions involving the hexose phosphate pathway. Later, the gene coding for an NADPH-
dependent D-galacturonate reductase able to catalyse this reaction was then identified in strawberry,
thus demonstrating the existence of this pathway in plants (Agius et al., 2003; Badejo et al., 2012;
Wheeler et al., 2015). The substrate of this pathway, the D-galacturonate is an abundant component of

the cell wall and accumulates during the senescence and ripening processes of fruits.

Furthermore, the activity of two enzymes specifically associated with this pathway, D-galacturonate
reductase and aldonolactonase, has been detected in insoluble fractions of red fruits (Carrari, 2006).
Unfortunately, little is currently known about these enzymes and this pathway is not fully characterised
in plants yet. Nevertheless, this pathway is assumed to act in ascorbate synthesis, especially during fruit

development.

During the L-galactose pathway, GDP-D-mannose is epimerised by GME producing GDP-L-
galactose but also GDP-L-gulose. The following reactions have not been identified in plants but there
are some reports about the characterisation of L-gulonic acid as an intermediate and L-gulono-1,4-
lactone dehydrogenase activity (Wagner et al., 2003; Wolucka and Van Montagu, 2003). Besides, it has
been shown that ascorbate levels display temporal variations during the circadian clock in leaves. Light
regulation of main biosynthetic pathway enzymes such as GGP, GPP and GMP are upregulated during
light exposure (Smirnoff and Wheeler, 2000; Massot et al., 2013). However, this effect is more

pronounced in leaf tissue than in fruit (Massot et al., 2013).
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It is worth remembering that the ascorbate biosynthesis pathway in plants is still a recent
discovery (about 30 years), and that ASC displays numerous synthesis branches which show great
variability between species and organs. Most of the existing data come from the study of model plants,
mainly Arabidopsis, suggesting that many regulatory mechanisms and/or analogous synthetic pathways

remain to be elucidated.

V.  Recycling

One of the main roles of ascorbate refers to its antioxidant nature due to its ability to interact
with ROS enzymatically and non-enzymatically. As described above, ascorbate has two different
oxidation states, MDHA and DHA, both of which can be recycled into ascorbate. Firstly, MDHA can
spontaneously react with another molecule of MDHA to produce DHA and reduced ascorbate. Secondly,
MDHA can be recycled enzymatically by monodehydroascorbate reductase (MDHAR) through the
reduction of NADH or NADPH. Finally, DHA can also be reduced to ascorbate by the action of
dehydroascorbate reductase (DHAR) and the supply of glutathione. These two ascorbate recycling
enzymes are involved within the ascorbate-glutathione cycle and in many stress responses by monitoring
the redox state of ascorbate in the cell thus allowing signalling processes. In conclusion, the recycling
of ascorbate requires a supply of reducing power, mainly via glutathione and pyridine nucleotides. It is
a crucial activity to guarantee its antioxidant functions and thus allows the maintenance of the redox

balance under optimal conditions.

vi.  Degradation

Among the three mechanisms controlling the ascorbate pool in cells (Ze. synthesis, recycling
and catabolism), in-vivo degradation is the one for which the least amount of research has been done.
ascorbate catabolism in plants is species-dependent and starts from dehydroascorbate resulting mostly
in the formation of oxalate and L-threonate (Green and Fry, 2005; Melino et al., 2009). These products
can be further transformed such as threonate that turns into tartrate and participate in the quality of grape;
however, it appears that ascorbate degradation has a little influence on the tartrate pool in grape (Melino
et al., 2009). Ascorbate degradation takes place in the apoplast and involves enzymatic and non-
enzymatic reactions (Green and Fry, 2005). The degradation of DHA can take place in different ways:
(i) spontaneous oxidation in the presence of radicals leading to the formation of oxalyl-threonate, or (ii)
spontaneous delactonation to 2,3-diketogulonate (DGK). After a series of reactions, these two different

pathways come together to produce threonate (Truffault et al., 2017).
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Furthermore, ascorbate degradation products can have some physiological roles in plants cells.
Oxalate is a dicarboxylate found in vacuoles together with salts including potassium, sodium,
magnesium or calcium. Calcium oxalate crystals are found in a wide diversity of animals and plants and
are partially responsible for the regulation of the free calcium pool of cells (Franceschi and Nakata,
2005). Besides, calcium oxalate crystals may also serve as defence responses against herbivores. As for
ascorbate synthesis, much remains to be elucidated about the mechanisms of ascorbate degradation and

their regulations.

vii.  Transport

Ascorbate is a small hydrophilic molecule, the last catalytic step is located in the intermembrane
space of the mitochondria, and is present in all the different subcellular compartments as well as
heterogeneously distributed between all the different plant organs. In addition, ascorbate is a negatively-
charged metabolite at physiological pH, thus preventing its simple diffusion through lipidic membranes
(Horemans et al., 2000; Foyer, 2015). However, DHA is neutral and thus easily passes through
membranes. Hence, this suggests a controlled transport of this metabolite, with specific transporters for

reduced ascorbate, at intracellular and at systemic levels.

Whilst ascorbate intracellular transport received much attention in animals (Liang et al., 2001;
Smirnoff, 2018), due to its health benefits, it remains mainly unknown in plants. Recently in
Arabidopsis, a protein from the family of phosphate transporter has been identified in the chloroplastic
membrane as a reduced ascorbate transporter (Miyaji et al., 2015). Concerning its oxidised form, a study
on isolated mitochondria from tobacco shows a co-inhibition of glucose and DHA transports suggesting
a potential role of glucose transporter in the import of DHA within cells, which is congruent with known

mechanisms in animals (Szarka et al., 2004, 2013).

All plants organs can synthetise their own ascorbate, but source organs display a higher content
than sink organs (e.g. 6 and 4 pmol.gFW™ in leaves and fruits, respectively) (Mounet-Gilbert et al.,
2016). Ascorbate has been localised in vascular cells suggesting that it can be transported through
vascular organs to sink tissues to complement their synthesis capacity. However, it is still impossible to
distinguish the proportion of ascorbate transport and synthesis involved in the total ascorbate pool of

fruits.
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Role

Ascorbate is an essential metabolite for plant life due to its numerous functions in various
developmental processes and in responses to environmental stimuli. Beyond these redox functions, the
study of mutants affected in its synthesis has identified its role in the regulation of cell division and
elongation. It also participates in seed germination, root development, flowering and embryogenesis

(Ortiz-Espin et al., 2017). As such, ascorbate is a central metabolite for plant performance (Figure 1.19).

Apart from its antioxidant properties, ascorbate serves also as a cofactor of oxygenase enzymes
by reacting with their copper or iron catalytic centre. Moreover, ascorbate participates in the regulation
of plant development through its involvement in the biosynthetic pathways of several phytohormones,
such as gibberellins (GA), auxins, ethylene (ET) and abscisic acid (ABA) (Davey et al., 2000).
Meanwhile, the oxidation ratio or redox state (7.e. DHA/total ascorbate) is known as a significant marker
of oxidative signalling. Indeed, the redox activity of ASC relies on both absolute and relative content of
oxidised and reduced forms. It is assumed that under physiological conditions ASC redox state oscillates
between 0.8 and 1 indicating that ascorbate is maintained mainly reduced, thus allowing normal
photosynthesis activity (Baldet et al., 2013; Decros et al., 2019a). However, the ASC redox state can
display discrepancies in response to numerous developmental events and in response to environmental

stimuli as detailed below.

The redox state of ascorbate, often expressed as the DHA/ total ASC ratio (e.g. typically 0.8 £
0.1 in physiological conditions), plays an important role in cell cycle regulation by affecting the
transition from the cell growth and replication preparation phase (G1 phase) to the DNA replication
phase (S phase) (Potters et al., 2002). Indeed, several studies have shown that an increase in ascorbate
induces an increase in cell division (Davey et al., 1999). Moreover, root cells show a high ascorbate
oxidase (AQ) activity concomitant with many cells blocked in the G1 phase, but the addition of

exogenous ascorbate allows a reactivation of the cell cycle (Liso et al., 1988).

Although both ascorbate and other redox buffers such as GSH act in the cell cycle, they appear to
perform their functions independently because changes in glutathione did not affect the ascorbate pool
and did not inhibit the effects of DHA on cell division (Potters et al., 2010). This suggests that the
recycling of DHA may occur independently from DHAR and that these two antioxidants have distinct

functions in controlling the cell cycle.
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Figure 1.19: Main roles of ascorbate in plants. Ascorbate is not only an antioxidant metabolite
(orange) but also participates in fundamental biological processes acting as an enzyme cofactor

(blue).
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Ascorbate synthesis is intimately linked with parietal sugar synthesis suggesting a strong link
between wall synthesis and ascorbate metabolism. Furthermore, ascorbate also specifically influences
cell expansion, notably through the stimulation of ascorbate oxidase activity which causes an increase
in oxidised ascorbate thus stimulating cell elongation without affecting cell division (Pignocchi et al.,
2003; de Pinto, 2004). Regulation of the redox state of ascorbate in the apoplast is one of the mechanisms
proposed to explain how ascorbate promotes cell expansion and elongation. An increase in AO
concomitant with higher levels of MDHA and DHA are detected in rapidly elongating tissues in cotton
plants (Li et al., 2017a). MDHA serves as an electron acceptor in transmembrane electron transport,
where cytochrome b transports electrons from NADH across the plasma membrane, inducing reduction
of MDHA into ASC. The intensification of this process leads to hyperpolarisation of the plasma
membrane, then followed by the activation of the plasma membrane H'-ATPase. Thereby, this
terminates by an acidification of the apoplast which favours the relaxation of the cell wall (Gonzalez-
Reyes et al., 1995). Meanwhile, the NADH oxidation increases acidification in the cytoplasm, activating

the vacuolar H'-ATPase, thus triggering cell expansion (Horemans et al., 2000).

The development cycle of a seed is composed of three phases: development, maturation and
germination. Water imbibition of the seed reactivates the metabolism and growth of seminal tissues
involving an increase in ROS and antioxidants including ASC, as well as redox proteins such as
thioredoxin (Trx) or peroxiredoxin (Prx) (De Gara et al., 1997; Ortiz-Espin et al., 2017) necessary to
balance the redox poise. An increase in ascorbate synthesis activity by GLDH together with a reduction
in APX activity induces an increase in ASC content in the early germination stages (De Gara et al.,
1997; Tommasi et al., 1999, 2001). Therefore, the higher levels of ASC seem to be due to de novo
synthesis rather than recycling (Tommasi et al., 2001). Furthermore, seed germination is governed by
an appropriate ABA/GA ratio and, during this process, ABA levels decrease in favour of GA which
increases germination up to the seedling stage (Kucera et al., 2005; Finkelstein et al., 2008). The
application of ABA to soaked seeds causes a decrease in ROS that leads to an inhibition of ASC
production and repression of GA biosynthesis. In addition, GA biosynthesis was inhibited by lycorine,

an inhibitor of ASC biosynthesis, and by the reduction of ROS levels.

Furthermore, the application of exogenous ASC can partially rescue seed germination after ABA
treatment (Ye et al., 2012). These studies suggest that ASC participates in the regulation of the ABA/GA
ratio during seed germination. In short, all these evidence support the role of ASC as an inducer of seed
germination via a complex metabolic network integrated by ROS, hormones, and redox actors that

regulate the development of the process.
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Embryogenesis in higher plants leads to the formation of mature dry seeds and consists of three
phases, i) morphogenesis, where the polar axis of the plant is defined (West and Harada, 1993), ii)
embryo maturation, where storage reserves are accumulated and finally, iii) desiccation, during which
the embryo dries out and seed formation ends. During morphogenesis, a reduced state of ASC promotes
transverse cell division, while an increase in DHA causes longitudinal division (Chen and Gallie, 2012)
suggesting a regulatory role for ASC in the establishment of polarity and formation of twins. A decline
in reduced ASC continues until the end of seed maturation, resulting in near-total oxidation. These
results agree with the general oxidative status observed in dry seeds. Under this condition, a steady
metabolic state and long-term storage can easily be maintained (Tommasi et al., 2001). Moreover, during
the embryogenesis of white spruce (Picea glauca), ASC metabolism displays an interesting dynamic
(Stasolla and Yeung, 2007). Indeed, during the first days of germination, embryos accumulate high
levels of ASC, mainly in their reduced state, and show a decrease in ASC degradation through APX
activity. In addition, inhibition of ascorbate synthesis by lycorine resulted in a decrease in DNA
synthesis, thus slowing down embryogenesis. Therefore, an increase in the ASC pool and a higher
ASC/DHA ratio towards the reduced state are necessary for the progression of cell divisions in

developing embryos (Becker et al., 2014).

On the other hand, the stimulatory role of ASC during meristem formation in apical shoots
involves the inactivation of peroxidase-dependent cell wall stiffening. An increase in ASC content
decreases the activities of ferulic acid and guaiacol peroxidases allowing cell division and growth, while
their activities increase in lycorine-treated embryos, resulting in meristem abortion (Stasolla and Yeung,
2007; Becker et al., 2014). Another example is the lack of apical dominance and early formation of
auxiliary buds in tomato where ASC synthesis is suppressed (Zhang, 2013). All these experiments
demonstrate that the antioxidant pool and redox state of ASC is very important in the development of

meristem.

Flowering time is crucial for plant reproduction, its initiation under unfavourable conditions can
lead to aborted fruit development and thus to a reduction of the agronomic performance of plants.
Therefore, plants finely control their flowering in response to different environmental cues. Indeed, light
has a strong influence (photoperiod, light quality, light intensity) in the transition from vegetative to
reproductive state (Imaizumi and Kay, 2006; Johansson and Staiger, 2015; Song et al., 2015). Other
environmental factors such as temperature, water availability (Kenney et al., 2014), CO. concentration
(Jagadish et al., 2016) and nutrient levels (Levy and Dean, 1998) are equally important. Depending on
the conditions, ASC can act as a repressor or activator of flowering, for example, suppression of ASC

oxidase gene expression induces delayed flowering (Yamamoto et al., 2005), while exogenous addition
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of ASC or its precursor delays growth and flowering of wild-type Arabidopsis plants grown under long-
day conditions (Attolico and De Tullio, 2006) but increases growth and induces early flowering under
short-day conditions (Figure 1.20) (Barth, 2006). In contrast, ASC-deficient Arabidopsis vtc mutants
showed early flowering whereas the addition of exogenous ASC delayed flowering (Conklin and Barth,
2004; Kotchoni et al., 2009) independently of the photoperiod. Therefore, all these experiments show
that ascorbate is controlling the timing of flowering, acting as a repressor or activator, depending on the
environment. Moreover, the transition of a plant from the vegetative to the reproductive stage increases
antioxidant and ROS levels, suggesting that plants must undergo perturbation of redox balance during
the flowering process (Shen et al., 2009). Gene expression studies reinforce the link between ascorbate
and flowering by showing that the expression of flowering-related genes such as LEAFY, a key
transcription factor in flowering induction is affected by ASC (Attolico and De Tullio, 2006). In
addition, transcriptomic analysis of v#c mutants showed up-regulation of genes related to flowering, the

circadian clock and photoperiod (Kotchoni et al., 2009; Song et al., 2015).

On the other hand, flowering is an inherently hormone-driven process, including GA, SA and
ABA (Barth, 2006). It has been shown that the application of GA or SA induces early flowering, while
the application of ABA represses it (Figure 1.20). As mentioned above, ascorbate is a key cofactor in
hormone biosynthesis, so one would expect the influence of this antioxidant in flowering, which (i) is
consistent with the analysis of vZc mutants, and (ii) show high levels of ABA (Pastori et al., 2003) and
SA (Conklin and Barth, 2004) associated with low levels of GA (Foyer and Noctor, 2011), the whole
resulting in delayed flowering. Furthermore, it has recently been shown that an increase in ascorbate
synthesis induces a loss of pollen viability in tomato flowers (Deslous et al., 2021) leading to inhibition
of fertilisation and thus to flower abortion and yield loss. Furthermore, this study shows that ascorbate
content is related to flower morphogenesis consistent with the involvement of ASC in embryogenesis

processes.

Overall, there is considerable evidence for the involvement of ASC in flowering: the early or
delayed phenotype observed in ASC-overexpressed and ASC-deficient mutants, respectively, the
regulation of ASC-dependent flowering-related genes and changes in phytohormone levels (Pastori et
al., 2003; Foyer and Noctor, 2011; Foyer et al., 2012). Ascorbate seems to have more of a role here as
a hormone synthesis factor than as an antioxidant, even though the overall redox balance is also involved

in the flowering process.
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Figure 1.20: Simplified scheme of hypothetical role of ascorbate during flowering in Arabidopsis.
Ascorbate deficiency affects the long-day pathway through elevated levels of salicylic acid (SA),
thus resulting in early flowering and senescence under long-day conditions. On the opposite, low
levels of ascorbate inhibit the gibberellin (GA) pathway thus delay flowering and senescence under
short days. Finally, ascorbate stimulate abscisic acid (ABA) accumulation under short days, that may
delay flowering and senescence via an inhibition of the autonomous pathway. CO: CONSTANS;
FCA-FY: negative regulator of flowering repressor FL.C (Flowering Locus C); SOC1: Suppressor of

overexpression of Constans 1. From (Barth et al., 2006)
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Alongside its role in the fundamental developmental processes of plants, ascorbate appears as a
key actor in the regulation of redox homeostasis and signalling in response to biotic and/or abiotic
stresses. As a matter of fact, it is assumed that every environmental constraint induces secondary
oxidative stress. Indeed, overproduction of ROS and/or reduction of antioxidant capacity perturbates the
antioxidative metabolism and thereby serves as a signal transductor that initiate plant response. As
ascorbate is one of the main redox buffers of plant cells, it shows a role in abiotic and biotic responses,

mainly by balancing the redox state but also by acting as a hormone synthesis cofactor.

Numerous studies report variations in ascorbate content, its redox state as well as the activity of
enzymes allowing its recycling, use and synthesis, in response to various abiotic stresses such as
temperature, drought, nitrogen deficiency and exposure to strong light for example. Due to its main
activity as a ROS processor during photosynthesis, many studies show a strong link between light and
ascorbate metabolism. Therefore, among all the environmental factors, the one that seems to influence
ascorbate metabolism the most is light (see above, Chapter I. part B.I1.2.a.iv). Because ASC role during
abiotic stress responses usually involves regulation of the ROS pool through the activity of the ASC-
GSH cycle, the redox regulation of plant adaptation to environmental changes will be detailed below
(see below, Chapter I. part B.I1.2.d.IT). However, it should be noted that ascorbate peroxidase has been
extensively studied at the transcriptomic level in a large number of studies dealing with various abiotic

stresses (Pandey et al., 2017 and reference therein).

The innate immune response of plants is characterised by an oxidative burst and production of
ROS mainly via membrane NADPH oxidases following recognition of the pathogen by PAMPs (Daudi
et al., 2012). This oxidative burst will disturb the redox balance as a signal that in fine will initiate plant
responses. As in the vast majority of processes involving the redox balance, the ascorbate-glutathione

cycle is a major player (see below, Chapter I. part B.I1.2.d.II).

Nevertheless, a specific role of ascorbate can be distinguished here, mainly by interacting with the
hormonal signalling pathways of the main defence hormones, namely JA, SA, ABA and ET (Pignocchi
et al., 2006; Foyer et al., 2012; Denancé et al., 2013). In particular, the involvement of ASC in the
defence response against pathogens is dependent on the pathogen lifestyle (Hossain et al., 2017). Indeed,
Arabidopsis mutants with low levels of ASC show an increase in SA, pathogenesis-related proteins and

camalexin, as well as better resistance to the hemibiotrophic bacteria Pseudomonas syringae, for
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example (Pastori et al., 2003; Pavet et al., 2005; Barth, 2006; Mukherjee et al., 2010). On the contrary,
the same mutants are more susceptible to the necrotrophic ascomycete A/ternaria brassicicola (Botanga
et al., 2012). In brief, defence against necrotrophic pathogens is mediated by JA and ET signalling
(Paciolla et al., 2019), whereas SA-mediated signalling is involved in defence against biotrophic
pathogens. Nevertheless, exogenous addition of ASC acts as an inducer of disease resistance in different

plant-pathogen interactions in citrus crops (Egan et al., 2007; Fujiwara et al., 2013; Li et al., 2016).

b. Glutathione
L History

In 1888, De Rey-Pailhade discovered a substance that he named "philothion" in yeast cells. This
substance can form hydrogen sulphide after spontaneously reacting with elemental sulphur (Meister,
1988). Thereafter, he identified this molecule in various animal and plant tissues and concluded that the
compound contained cysteine, which in the presence of oxygen, can undergo reversible oxidation to a
disulphide form. It was then in 1921 that Hopkins identified an auto-oxidisable compound from muscle
tissue containing cysteine and glutamate, for which he proposed the name glutathione. Finally, in 1929
the structure of glutathione, as a tripeptide of glutamic acid, cysteine and glycine, was achieved through
its crystallisation (Figure 1.21) (Hopkins, 1929). Hence, glutathione exists as reduced form namely GSH
and oxidized form, namely GSSG. For this and other works on vitamins, Hopkins will receive a Nobel
Prize that year. This discovery led to a great deal of research into the role of GSH in plants. Indeed, the
discovery of ASC and that it is predominantly found in the reduced state in leaves, despite the presence
of oxidases and oxidative catalysts, led to the conclusion that a reducing mechanism, 7.e. glutathione,
must be present, (Hopkins and Morgan, 1936). Having identified these two essential partners in redox
balance, further research was carried out to place ascorbate-glutathione interactions in a physiological
context leading to the discovery and characterisation of the ASC-GSH cycle. Today, there is unequivocal
evidence that this small thiol compound is a multifunctional metabolite that acts as a cornerstone in
redox homeostasis and signalling, as well as in environmental and plant defence responses. However,
most of studies on GSH have been done in Arabidopsis leaves and GSH metabolism and regulation

remain to be deciphered in other plants species and tissues.
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Structure

Glutathione (y-L-glutamyl-L-cysteinylglycine; GSH), is a thiol tripeptide, present in most
organisms. The binding of the y-carboxyl group of glutamate to the amine group of cysteine
distinguishes this bond from peptide bonds in proteins. It is suggested that this bond confers higher
stability to the molecule as it allows it to be degraded by specific amino acid transferases. GSH is mainly
found in the reduced free form (GSH) in cells but can be oxidised to disulphide glutathione (GSSG),
thereby forming disulfide bonds between the two sulphur atoms in the cysteine residues (Figure 1.21).
Reduced GSH can be recycled from GSSG through the activity of glutathione reductase (EC 1.8.1.7;
GR) using reducing power provided by NAPDH.
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Figure 1.21: Reduced (A) and oxidized (B) glutathione chemical structure. Images taken from
PubChem.

However, homologous forms of glutathione are found, in some species, containing other C-
terminal amino acids such as serine, B-alanine, or glutamate instead of glycine (Rennenberg, 1980;
Klapheck et al., 1992; Meuwly et al., 1993). For example, homoglutathione (y- Glu-Cys-B-Ala), in
leguminous plants, is synthesised by distinct enzymes encoded by different genes (Frendo et al., 2005).
The disulphide forms of homoglutathione and y-Glu-Cys-Ser are still reducible by glutathione reductase
(Klapheck et al., 1992; Oven et al., 2001). To our knowledge, such GSH homologues have not been
reported in significant amounts in Arabidopsis, although analyses of purified GSH suggest that other

new homologues may exist in some species (Skipsey et al., 2005; Noctor et al., 2011).
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Localisation

Glutathione concentration and redox state are highly variable between species, plant organs and
even between different subcellular compartments. In plants, glutathione generally accumulates in cells
at millimolar concentrations, with tissue levels exceeding 10 to 50 times the free cysteine (Noctor et al.,
2011). Immunolocalisation studies report a high mitochondrial concentration although, due to their
larger volume, it is estimated that the cytosol and chloroplasts account for about 50 and 30%,
respectively, of the total glutathione in Arabidopsis leaf cells (Queval et al., 2011). The vacuole and
apoplast have low GSH content, so it was considered negligible (Zechmann et al., 2008). However, the
accumulation of GSSG in these compartments could have a physiological significance, important during
oxidative stress responses (Queval et al., 2011). Furthermore, nuclear concentrations appear to be
variable depending on the phase of the cell cycle. For example, during cell division, at the quiescent
stage (GO), the nucleus seems to have similar glutathione concentrations to those found in the cytosol.
However, it appears that the concentration of GSH increases in the nucleus at the beginning of the cell
cycle in plant and animal cells (Markovic et al., 2007; Vivancos et al., 2010). Furthermore, the

peroxisomal glutathione concentration is similar to the cytosolic concentration (Zechmann et al., 2008).

Nevertheless, not all these organelles possess enzymes of the glutathione biosynthetic pathway
suggesting a controlled transport of this metabolite, whereas the transporters responsible for this activity
remain to be characterised. Besides, we are witnessing the development of redox-sensitive fluorescent
probes (Aller et al., 2013) that allow the microscopic detection of glutathione and its oxidation state
within the different cellular compartments. However, these observations mainly allow qualitative
comparisons between several conditions and will help to elucidate the distribution of GSH and GSSG

and associate signalling pathways within plant cells (Meyer and Dick, 2010; Ming et al., 2017).

Synthesis

The glutathione biosynthetic pathway in plants is a short pathway that has been well described
(Noctor, 2002; Mullineaux and Rausch, 2005). It involves two enzymatic steps catalysed by ATP-
dependent enzymes and requires glutamate, cysteine and glycine, three essential amino acids, as
substrates. Firstly, y-glutamylcysteine synthetase (EC 6.3.2.2; y-ECS) combines cysteine with glutamate
to form y-glutamylcysteine (y-EC), which is then used by glutathione synthetase (EC 6.3.2.3; GS) to
add glycine that produces reduced glutathione. Studies on wheat and Arabidopsis leaves have shown
that y-ECS activity is confined to the chloroplast (Noctor, 2002), however, the study of the gene coding
for GS in Arabidopsis shows alternative splicing phenomena leading to plastid and cytosolic localisation

of the enzyme (Wachter et al., 2004). Thus, the first step of glutathione synthesis is confined to the
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chloroplast while the second step can occur in both chloroplasts and cytosol (Figure 1.22). This suggests
an export of y-EC from the chloroplast to the cytosol, in which, transporters competent for both y-EC

and GSH transport have recently been described (Maughan et al., 2010).

Furthermore, GSH synthesis appears to be highly regulated at multiple levels, and by multiple
factors. Among them, y-ECS activity and cysteine concentration seem to have a major impact on the
GSH biosynthetic pathway as overexpression of these enzymes induces the highest accumulation
(Noctor et al., 1998; Noji and Saito, 2002; Wirtz and Hell, 2007). However, other factors such as ATP
and glycine availability seem to regulate this biosynthetic pathway (Ogawa et al., 2004). Otherwise, an
increase in GSH is also observed in response to many environmental factors and responses to pathogens.
Furthermore, the overall flux of glutathione biosynthesis is relatively low compared to the fluxes of
primary metabolism suggesting that this pathway is extremely controlled and sensitive to the cellular

redox state.
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Figure 1.22: Glutathione synthesis pathway.
GS: glutathione synthetase; y-ECS: y-glutamylcysteine synthetase; GSH: glutathione

Recycling

As previously, mentioned GSSG can be recycled into GSH by the glutathione reductase (GR),
within the ASC-GSH cycle, using NADPH as a reductant cofactor. It is generally observed in plant cells
that the GSH pool is maintained in a predominantly reduced state suggesting an active recycling activity.
Specific glutathione reductase has been found in all subcellular compartments with a redox activity (i.e.
cytosol, chloroplast, mitochondria and peroxisomes), which display high affinity for NADPH and GSSG
(Halliwell and Foyer, 1978; Chew et al., 2003; Kataya and Reumann, 2010). Recently, a glutathione
reductase (GR1) was found in the nucleus of Arabidopsis, suggesting that oxidised glutathione (GSSG)

is actively reduced in the nucleus (Delorme-Hinoux et al., 2016). This suggests an active GSH recycling
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in the organelles where oxidative metabolism occurs, thus reinforcing the role of glutathione as a major

redox buffer but also as a transcription regulator.

vi.  Transport

Glutathione is one of the main forms of organic sulphur, it is synthesised in the cytosol or
chloroplast but present at different concentrations into the cell requiring an intracellular transport
system. It can also be transported between cells apoplastically and/or symplastically (Bourgis et al.,
1999; Mendoza-Cozatl et al., 2008). Observations on protoplasts have identified oligopeptide
transporters (OPTs) as transporters of GSH, GSSG and other GS-derived products. In addition,
transporters located on the inner chloroplast membrane, allowing the export of y-EC across the
chloroplast envelope and thus the cytosolic synthesis of GSH, have also been identified (Maughan et
al., 2010). Furthermore, a restoration of the wild-type phenotype is observed in GR-deficient mutants
by inducing cytosolic GR expression only (Pasternak et al., 2007) demonstrating that GSH can also be
imported from the cytosol into the plastid. Moreover, tonoplastic transporters of the MRP (multidrug
resistance-associated protein) family carrying an ATP-binding cassette have been identified and allow
the storage of GSSG and GS-conjugates in the vacuole (Foyer et al., 2001). These transporters may play
a role in maintaining the cytosolic redox state of predominantly reduced glutathione as they have a
higher affinity for GSSG than GSH (Noctor et al., 2013). However, intracellular transporters for GSH

and oxidised GSSG are still poorly characterised in plants.

vii.  Degradation

Degradation of glutathione occurs enzymatically leading to dipeptides and amino acids
production and is part of the y-glutamyl cycle (Meister, 1988). This involves hydrolysis or
transpeptidation of GSH by y-glutamyl transpeptidase (EC 3.4.19.13; GGT), by y-glutamyl
cyclotransferases (EC 2.3.3.3; GGC) and 5-oxoprolinase (EC 3.5.2.9; 5-OPase) resulting in fine to the

production of free glutamate (Figure 1.23).

These enzyme activities were first characterized in tobacco (Steinkamp et al., 1987; Storozhenko et al.,
2002). In addition, two GGTs purified from tomato were shown to have broad substrate specificity
against GSH, GSSG and GS-conjugates and to localize to the cell wall or outer surface of the
plasmalemma (Martin et al., 2007). Then, studies in maize (Masi et al., 2007) and barley also detected
GGT activity in the apoplast (Ferretti et al., 2009), strikingly, the optimum pH of the enzyme detected
in barley roots was reported to be basic, suggesting an increase of GSH degradation in response to

alkalinisation of the apoplast. Another route for glutathione degradation from GS-conjugate could
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involve cytosolic phytochelatin synthase (PCS) (Blum et al., 2007, 2010), although only a few reports
are available concerning this pathway yet. Overall, rates of glutathione catabolism in Arabidopsisleaves
have been estimated at about 30 nmol.g"FW.h" (Ohkama-Ohtsu et al., 2007), suggesting that some

pools of glutathione could turn over several times daily but the exact degradation mechanism remains

unclear.
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Figure 1.23: Glutathione degradation pathways.

AA: amino acid; CP: carboxypeptidase; Cys: cysteine; GGS: y-glutamyl cycloytansferase; GGT: y-
glutamyl transpeptidase; Glu: glutamic acid; Gly: glycine; GSH: glutathione; GSSG: glutathione
disulfide; 5-OP: 5-oxoproline; 50Pase: 5-oxoprolinase; PCS: phytochelatin synthase; -X: S-

conjugated compound.

Role

The main role of GSH is as a reductant, intrinsically linked to the many possible reversible
redox reactions of its cysteine sulphur group. Upon oxidation, either it forms GSSG by interacting with
the cysteine residue of another GSH, or it can react with another thiol to form GS conjugates in which
the thiol group is converted to sulfenic, sulfinic or sulphonic acids. However, the biochemistry of
glutathione is not limited to these compounds; it can interact with nitric oxide (NO) to form S-
nitrosoglutathione (GSNO). GSNO can then serve as either a signalling molecule or a reserve form of
NO, suggesting an important physiological role for this GSH derivative (Lindermayr et al., 2005;
Lindermayr, 2018). Similar to ascorbate, glutathione is a preferential target of ROS and serves as a major
redox buffer by participating in their processing as well as in the recycling of ascorbate via the ascorbate-
glutathione cycle. Moreover, the oxidation of glutathione does not only occur spontaneously but also

enzymatically via the actions of thioredoxins and glutaredoxins, which are conserved enzymes during
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evolution. However, thiol metabolism in plants is complex, with indispensable roles in many
fundamental developmental mechanisms, but also in various responses to biotic and abiotic stresses.
GSH is therefore an essential metabolite because of its action as a major redox buffer, participating in
the regulation of the redox balance and as a signal molecule in many fundamental processes

(Figure 1.24).

Apart from its role as a redox buffer and its participation in the maintenance of the redox poise,
GSH has a specific role in the synthesis of phytohormones as well as in the regulation of other
physiological processes, such as apoptosis, notably via the glutathionylation and nitrosylation of

proteins, and in the control of sulphur pool in plants.

Glutathione is the perfect candidate for reduced sulphur management as cysteine is the main
storage and transport form of reduced sulphur, and GSH is about 10 to 50 times higher than free cysteine
levels (Kopriva, 2004; Maruyama-Nakashita and Ohkama-Ohtsu, 2017). Indeed, it has been shown that
sulphur availability limits GSH accumulation in plants as Arabidopsis mutant deficient in the sulphate
transporter shows decreased levels of glutathione (Maruyama-Nakashita et al., 2003; Nikiforova et al.,
2003). In contrast, cysteine and glutathione levels were increased upon constitutive expression of a
bacterial sulphate transporter, as well as upon overexpression of the cysteine synthesis pathway in
Arabidopsis and tobacco (Noji and Saito, 2002; Tsakraklides et al., 2002; Wirtz and Hell, 2007). In
addition, a retrocontrol phenomenon is observed in several species in which GSH suppresses the activity
of sulphate transporters (Buchner et al., 2004) and sulphur uptake, particularly at the level of adenosine
5'-phosphosulphate reductase (APR) which is sensitive to GSH and its oxidation state (Leustek, 2002;
Vauclare et al., 2002). Intracellular H,O,, cysteine, y-EC and glutathione also induce genes encoding
APRs in Arabidopsis roots (Queval et al., 2009), thus validating the role of GSH as an essential

component in managing sulphur metabolism in plants.

S-glutathionylation of proteins involves the formation of a stable and reversible disulphide bond
between glutathione and a cysteine residue of the targeted protein, resulting in a modification of its
conformation, stability and/or activity. An inventory of potential target proteins has been carried out
using several techniques, and most of the identified glutathionylation targets are relatively abundant
proteins. Primary metabolic enzymes such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and glycine decarboxylase (GDC) stand out (Michelet et al., 2005; Zaffagnini et al., 2007; Palmieri et
al., 2010), however, the precise role of glutathionylation of these proteins has not been clearly

established (Michelet et al., 2013). Overall, this suggests that the glutathione and thioredoxin systems

45



Chapter I. Introduction — Redox biology

work closely together to fine-tune photosynthetic and respiratory metabolism through controlled

modification of sensitive protein cysteine residues.

S-nitrosylation is another glutathione-related mechanism for regulating protein activity.
Glutathione first forms GSNO by reacting with nitric oxide, which is then transferred to the cysteine
residues, resulting, as for S-glutathionylation, in the modulation of the function of target proteins
(Lindermayr et al., 2005; Romero-Puertas et al., 2008; Lindermayr, 2018). For instance, S-nitrosylation
participates in the regulation of ethylene synthesis by specifically inhibiting a methionine
adenosyltransferase (Lindermayr et al., 2006), thus influencing signalling processes mediated by

ethylene.

Moreover, the same main targets are found for S-glutathionylation, (i.e. GADPH and GDC), for which
these modifications lead to a decrease in their activity. It can be assumed that inhibition of GAPDH may
contribute to the regulation of the trade-off between central metabolism and stress response pathways
(Holtgrefe et al., 2008), while inhibition of GDC again highlights the importance of photorespiration-

related redox regulation mechanisms (Foyer et al., 2009; Peterhansel et al., 2010).

Glutathione, and more specifically its oxidation ratio (GSSG/GSH), was first supposed to
impact programmed cell death and dormancy (Kranner et al., 2006). According to this study, an increase
in redox potential above the threshold value leads to cell death and/or growth arrest. Indeed, an increase
in leaf glutathione content, caused by overexpression of y-ECS in tobacco chloroplasts triggers the
expression of pro-apoptotic gene expression and lesion formation (Creissen et al., 1999). However,
GSSG accumulation is also observed in GSH synthesis deficient Arabidopsis mutants (gsh1), which are
surprisingly aphenotypic (Marty et al., 2009; Mhamdi et al., 2010a). These studies show that high levels
of glutathione (as GSH or GSSG) can be tolerated by plants and are not in themselves sufficient to
trigger cell death pathways (Liedschulte et al., 2010). Subcellular compartmentalisation could be a key
factor for a better understanding of GSH-triggered cell death. Currently, available data suggests that
neither total glutathione nor GSSG accumulation necessarily induces cell death in leaves of several plant
species. Further work is therefore needed to establish the importance of y-EC accumulation in the

mechanism of programmed cell death (Noctor et al., 2012).

Glutathione main functions have been briefly reviewed, but they participate in countless
signalling pathways and regulatory networks involved in the responses of plants to abiotic and/or biotic
stresses (for detailed reviews see (Noctor et al., 2011; Burritt et al., 2017; Hasanuzzaman et al., 2017

and reference therein).
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¢. Pyridine nucleotides
L History

At the beginning of the 20th century, in 1904, two English scientists, Arthur Harden and William
Young, identified a molecule that accelerated the fermentation of glucose in yeast and named it
"cozymase" (Harden and Young, 1906). It was not until about thirty years later that the structure of this
molecule was identified as two nucleotides linked by a diphosphate bond (von Euler, 1930) and that its
role in oxidation-reduction through its nicotinamide group was highlighted (Warburg and Christian,
1936). Nicotinamide adenine dinucleotide (NAD) was then characterised as an energy-transducing
coenzyme that is ubiquitous in all living organisms. Furthermore, NAD is present in cells at millimolar

concentrations and is involved in virtually all metabolic pathways in the cell (Noctor, 2006).

Il Structure

Pyridine nucleotides are dinucleotides composed of an adenosine monophosphate (AMP) linked
by a di-phosphate bridge to a nicotinamide mononucleotide (also known as niacin or vitamin B3) with
a total mass of 664 daltons (Pollak et al., 2007) (Figure 1.25). Moreover, NAD can also be
phosphorylated by specific NAD kinases on the 2' hydroxyl residue of its ribose, linked to adenine, to
form NAD phosphate (NADP) (Figure 1.26). These two forms, NAD and NADP, are found in cells in
oxidised (NAD" and NADP") or reduced (NADH and NADPH) state, thus participating in the
maintenance of redox homeostasis and the activity of numerous enzymes (Gakiére et al., 2018b).
However, they are involved in different processes in plant cells. Indeed, NAD acts mainly as an oxidant
and is most often used during catabolism, while NADP is primarily used as a reductant in biosynthetic
pathways or photosynthesis during which it serves as a final electron acceptor of the photosynthetic

electron transport chain (Figure 1.26) (Gakiére et al., 2018b).
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Figure 1.25: Structure of nicotinamide adenine dinucleotide (NAD). Images taken from PubChem. ,g
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Figure 1.26: Main forms of pyridine nucleotides. Images taken from PubChem.

Iii.  Localisation

As for the other major redox buffers, NAD in plant cells is heterogeneously distributed, both
between species, organs, tissues and different subcellular compartments. The data currently available
are mainly from non-aqueous cell fractionation studies of leaf tissue. It is observed that NAD(P) is
primarily concentrated in the chloroplast, cytosol (from 0.1mM to 2mM; Figure 1.27) (Igamberdiev and
Gardestrom, 2003; Szal et al., 2008; Gakiére et al., 2018b). Interestingly, NAD(H) pools are highest in
mitochondria, due to their involvement in mitochondrial metabolism. In contrast, the NADP(H) pool is
most elevated in the chloroplast due to its participation in photosynthetic function. However, if the
relative contribution of each compartment to the total cell volume is considered, the cytosolic NAD"
pool contributes as a major part of the cellular NAD (Winter et al., 1994). Moreover, the redox state of
NAD(P) also varies in response to light, with NAD and NADP pools being up to 10- and 6- fold more
reduced, respectively, in mitochondria than in the chloroplast and cytosol (Igamberdiev and Gardestrom,

2003; Szal et al., 2008).
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On the other hand, very little data are available in the literature concerning NAD and NADP contents
and their redox state in the different subcellular compartments (vacuole, peroxisome and nucleus)

(Guérard et al., 2011; Pétriacq et al., 2012).
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Figure 1.27: Pyridine nucleotide turnover and concentrations in plant cells.

cETC: chloroplastic electron transport chain; mETC: mitochondrial electron transport chain; TCA:
tricarboxylic acid; IDH: isocitrate dehydrogenase; OPP: oxidative pentose phosphate pathway;
THD: transhydrogenases; NADK: NAD kinase; NADPPase: NADP phosphatase. Adapted from
(Gakiére et al., 2018b).
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iv.  Synthesis

In plant cells, NAD" de novobiosynthesis starts from the amino acid aspartate, which is oxidated
by aspartate oxidase (AO; E.C. 1.4.3.16), producing iminoaspartate, then quinolinate by quinolinate
synthase (QS; E.C. 2.5.1.72) in the chloroplast (Katoh et al., 2006). Quinolinate
phosphoribosyltransferase (QPT; E.C. 2.4.2.19) catalyses the subsequent conversion of quinolinate to
nicotinic acid (Na) mononucleotide (NaMN) that will be transported to the cytosol where the next
biochemical reactions occur (Suda et al., 2003; Magni et al., 2004; Noctor et al., 2006; Hashida et al.,
2007) (Figure 1.28). However, the transporter responsible for the transfer of NaMN to the cytosol
remains to be discovered. In the cytosol, NaMN is adenylated to nicotinic acid adenine dinucleotide
(NaAD) by nicotinate mononucleotide adenylyl transferase (NaMNAT; E.C. 2.7.7.1), then NAD
synthetase (NADS; E.C. 6.3.1.5) finally amidates NaAD to NAD" (Gakiére et al., 2018b). Nevertheless,
other synthesis pathways of NAD" using nicotinic acid conjugates as substrate, such as Na-glucosides,

have been shown to play a role in seed germination in Brassicaceae (Li et al., 2017b).

Besides, NAD(H) can be phosphorylated into NADP(H) by NAD kinases (E.C. 2.7.1.23;
NADK) and NADH kinases (E.C. 2.7.1.86), using ATP as substrate. NADK are present in several
isoforms in the different subcellular compartments and can be regulated in a calcium/calmodulin-
dependent manner (Gakiére et al., 2018b). On the opposite, NADP phosphatases catalysed (EC
3.1.3.108; NADPPase) the conversion of NADP(H) to NAD(H), but little information is available yet.
While the topology of NAD" synthesis is well documented in leaves (Noctor et al., 2006; Gakiére et al.,
2018b), the molecular and regulatory details of the corresponding biochemical pathways remain largely

unknown, especially for fruit tissues.

v.  Recycling

The salvage pathway consists of 2 specific enzymatic steps, NAD" can be recycled via the
activity of nicotinamidases (NIC; E.C. 3.5.1.19), producing nicotinate from nicotinamide and by
nicotinic acid phosphorybosyltransferase (NaPT; E.C. 2.4.2.11), which generates NaMN and thus
reconnects with de novo synthesis pathway (Figure [.28). Due to its toxicity, nicotinate is stored in plant
cells as Na-conjugates such as nicotinate glucosides and trigonelline (7.e. N-methylnicotinate) by
glycosylation via Na glucosyltransferase (NaGT; E.C. 2.4.1.196) or methylation via Na-N-
methyltransferase (NMT; E.C. 2.1.1.7) (Koster et al., 1989; Li et al., 2015, 2017b).
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Figure 1.28: NAD biosynthetic and recycling pathways. Dot arrows represent transport between the

different cellular organelles. Purple and blue arrows indicate de novo synthesis pathway of NAD+,
and the recycling pathway, respectively. Pink arrows represent steps that are shared by these two
synthesis pathways. AO: aspartate oxidase; NaAD: nicotinic acid adenine dinucleotide; NADK:
NAD kinase; NADP: NAD phosphate; NADPPase: NADP phosphatase; NaMN: nicotinic acid
mononucleotide; NaMNAT: NaMN adenylyltransferase; NADS: NAD synthetase; NaPT: nicotinate
phosphoribosyltransferase; NIC: nicotinamidase; QPT: quinolinate phosphoribosyltransferase; QS:

quinolinate synthase.

Transport

Pyridine nucleotides can be transported intercellularly, intracellularly, and via shuttles of
NAD(P) redox equivalents between compartments allowing the NAD(P) pools to be linked together and
regulate the redox state of the different subcellular compartments (Stein and Imai, 2012; Hummel and
Groger, 2014; Kato and Lin, 2014). Several shuttles allow the transport of redox equivalents between
compartments. Firstly, the triose phosphate/3-phosphoglycerate shuttle links chloroplast and cytosol
(Heineke et al., 1991). Secondly, the malate/oxaloacetate shuttle, coupling both chloroplastic, cytosolic
and mitochondrial NAD*/NADH ratios (Day and Wiskich, 1981). In addition, the malate/aspartate

shuttle allows the connection of mitochondria and cytosol (Mettler and Beevers, 1980) (Figure 1.29).
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Figure 1.29: Pyridine nucleotide shuttles. Glutamate-aspartate shuttle (A); Malate-a-ketoglutarate

shuttle (B); Malate-oxaloacetate shuttle (C); Triose phosphates shuttle (D).

ADP: adenosine diphosphate; Asp: Aspartate; ATP: adenosine triphosphate; 1,3BGPA: 1,3-
bisphosphoglyceric acid; DHAP: dihydroxyacetone phosphate; GAP: 3-phosphoglyceric aldehyde;
Glu: Glutamate; OAA: oxaloacetate; 3PGA: 3-phosphoglyceric acid.

All these shuttles participate in the finely-tuned redox state of NAD(P) and are involved in many
signalling processes (Gakiére et al., 2018b). However, transporters capable of transporting nucleotides

across mitochondrial and chloroplast membranes have also been identified in Arabidopsis, allowing the
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movement of NAD" and other nucleotide mononucleotides (ADP or AMP) (Palmieri et al., 2009). It has
also been shown that NADP" can be imported into isolated mitochondria, but the import mechanism
remains to be elucidated (Bykova and Mgller, 2001). Furthermore, NAD" and NADH can also be
transported across the peroxisome membrane by a shuttle called PXN (Agrimi et al., 2012). Nonetheless,
it is accepted that free NAD" passes through the nuclear pores to be used by different enzymes and thus
modulates gene expression and/or chromatin organisation (Zhang et al., 2002; Fjeld et al., 2003). Hence,
the cytosolic redox state of the NAD"/NADH couple could link cellular metabolism with gene
transcription (Fjeld et al., 2003).

Nevertheless, it is assumed that NAD" and NADP" cannot be directly imported into cells as
infiltration of protoplasts with NAD" and NADP" did not result in an intracellular increase in their
intracellular nucleotide content (Zhang and Mou, 2009). However, permease-type transporters of NAD"
precursors have been reported for the transport of nicotinamide riboside and quinolinate (Belenky et al.,
2011; Ohashi et al., 2013), inducing an increase in NAD" (Pétriacq et al., 2012). Finally, it has been
shown that during infection, leakage of pyridine nucleotides increases their extracellular concentrations
to trigger the expression of pathogenesis-related genes (PR) in a calcium-dependent manner (Zhang and

Mou, 2009; Fu and Dong, 2013).

vii.  Degradation

Catabolism of NAD occurs mainly during signalling processes involving the release of
nicotinamide and a large amount of energy. Diverse enzymes can catabolise NAD" producing either
cyclic ADP-ribose (cADPR), ADP-ribose conjugated with proteins or free ADP-ribose. cCADPR is a
secondary messenger produced by ADPR cyclases (EC 3.2.2.6) involved in plant defence response and

linked with calcium signalling (Pétriacq et al., 2016a) (Figure 1.30).

Besides, ADP-ribose polymerase (EC 2.4.2.30; PARP) are present in numerous isoforms and participate
in fundamental processes, such as DNA repair and methylation, and regulatory processes by
participating in the (de)compaction of chromatin (Briggs and Bent, 2011; Lamb et al., 2012; Swindall
et al., 2013). Protein modification by PARP can be reversed by poly-ADP-ribose glycohydrolase (EC
3.2.1.143; PARG), releasing free ADP-ribose. Furthermore, silent information regulator type 2 histone
deacetylases, also known as SIRTUINS in plants, consume NAD" to act in various signalling pathways,
by modifying chromatin structure using acetylation/deacetylation of histones, or by post-translational

acetylation of protein such as the large subunit of Rubisco (Finkemeier et al., 2011; Wu et al., 2011).
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Figure 1.30: Basics of nicotinamide adenine dinucleotide (NAD+) metabolism in plant cells.

Biosynthesis and utilisation of pyridine nucleotides. Purple and blue arrows indicate de novo

synthesis pathway of NAD+, and the recycling pathway, respectively. Pink arrows represent steps
that are shared by these two synthesis pathways. AO: aspartate oxidase; ATP: adenosine
triphosphate; cADPR(P): cyclic ADP-ribose (phosphate); cETC: chloroplastic electron transport
chain; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; mETC: mitochondrial electron
transport chain; NaAD: nicotinic acid adenine dinucleotide; NADK: NAD kinase; NADP: NAD
phosphate; NADPase: NADP phosphatase; NAD(P)HX: NAD(P)H hydrate; NaMN: nicotinic acid
mononucleotide; NaMNAT: NaMN adenylyltransferase; NADS: NAD synthetase; NaGT: nicotinate

N-glucosyltransferase; NaPT: nicotinate phosphoribosyltransferase; NDT: NAD' transporter; NIC:
nicotinamidase; NMT: nicotinate N-methyltransferase; PARP: poly-ADP-ribose polymerase; PXN:
peroxisomal NAD carrier; QPT: quinolinate phosphoribosyltransferase; QS: quinolinate synthase;

ROS: reactive oxygen species; TCA: tricarboxylic acid cycle. From (Decros et al., 2019b).
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Finally, NAD can be cleaved by NUDIX hydrolases (EC 3.6.1.13), leading to nicotinamide and
free ADP-ribose production; NUDIX will also hydrolyse the later ones into free AMP and ribose-5-
phosphate. Nudix hydrolase pathways are not well documented, but they have a role in numerous

fundamental and signalling events like other NAD" catabolism pathways.

VIII. Roles

Pyridine nucleotides, as energy transducers, are cornerstone metabolites involved in virtually
all primary and secondary metabolic pathways. They participate actively in the regulation of redox
balance in cells, especially by allowing the recycling of oxidised ASC and GSH within the ascorbate-
glutathione cycle. Moreover, NAD is intrinsically linked to mitochondrial metabolism as NADH
oxidation makes ATP synthesis possible (Dutilleul, 2005). From a redox perspective, a major role of
NAD is during nitrogen assimilation from the soil. Indeed, NAD(P)H is required for nitrate reductase
(EC 1.6.6.1; NR) activity, which is the starting step in nitrogen metabolism in plants (Pellny et al., 2008;
Foyer et al., 2011). In addition, NAD homeostasis is pivotal for carbon assimilation during primary
metabolism. Indeed, it permits C assimilation during photosynthesis as the final electron acceptor and

is involved in numerous steps of sugar metabolism (Z.e.glycolysis, etc.) (Figure 1.30).

Besides, NAD also participates in fundamental developmental processes such as seed
germination, development of pollen tube and root development, for instance (Hunt et al., 2007; Hashida
et al., 2013, 2016) and signalling in response to various environmental stresses, either biotic or abiotic
(Pétriacq et al., 2013, 2016b; Kollist et al., 2019). There is considerable evidence of the involvement of
NAD metabolism in plant immunity (Pétriacq et al., 2012, 2016b; Mou, 2017; Kourelis et al., 2020) and
in response to environmental changes, (e.g. drought, high light, temperature, etc.) (Torres and Dangl,
2005; Vanlerberghe, 2013; Gakiére et al., 2018b). Briefly, NAD can regulate phytohormones such as
ABA biosynthesis during dormancy break, for instance (Kucera et al., 2005; Hunt and Gray, 2009). In
addition, in non-photosynthetic tissues such as seeds, anabolism requires reducing power supplied by

NADPH produced by the oxidative pentose phosphate pathway (Hunt and Gray, 2009).

Nonetheless, NADPH oxidases appear crucial to control energy balance by producing extracellular ROS
that subsequently induces cell wall remodelling and hormonal signalling, thus allowing pollen tube
growth and root elongation (Miiller et al., 2012; Hashida et al., 2013). Otherwise, pyridine nucleotides
are pivotal for the trade-off between growth and response to stress in plants as they regulate

carbon/nitrogen balance, mainly through the monitoring of respiration activity.
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d. Enzymatic ROS processing

Alongside the metabolic ROS processing, plants harbour plentiful enzymes catalysing ROS
processing using antioxidants as substrates. Two types can be distinguished, on the one hand, enzymes
that are shared between all species and encoded by a large number of isoforms, in particular catalase,
superoxide dismutase and redoxins (e.g. thioredoxins (TRXs), peroxiredoxins (PRX) and glutaredoxins

(GRX5s)), and on the other hand the enzymes that are part of the ASC-GSH cycle.
ix.  Ubiquitous antioxidant enzymes

Catalase (EC 1.11.1.6; CAT) is the first ubiquitous antioxidant enzyme, encoded by a multigenic
family, to be characterised and found in all aerobic and even some anaerobic organisms (Kirkman and
Gaetani, 2007; Zamocky et al., 2008). Catalase can be distinguished from other ROS processing
enzymes as it does not require any reductant cofactor supply. These heme-based enzymes catalyse the
dismutation of two molecules of H>O, to H,O and O, (Figure 1.31A) and comprise polypeptides of
around 60 kDA organised into dimers or tetramers (Bernroitner et al., 2009). It starts with the
concomitant generation of a water molecule, an oxy-ferryl intermediate and a porphyrin cation radical
resulting from the splitting of O-O bond of H>O,. Then, the second molecule of H,O, allows the
production of O, and another water molecule by reducing the porphyrin cation radical (Alfonso-Prieto
et al., 2009) (Figure 1.31B). Thus, the first H»O, substrate will be transformed into 2 H,O molecules

while the second is converted into O, (Kato et al., 2004).
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Figure 1.31: Hydrogen peroxide dismutation by catalase. Classical dismutation reaction (A). Simple

scheme of catalase dismutation mechanism (B).

11 v +o
Fe : ferric ion; Fe : high valent iron;  Por : porphirine cation radical. Coulors indicate the

corresponding substract and product during the reaction.
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Moreover, CAT displays a high specificity for H,O, but low activity against other organic
peroxides. Kinetic properties of catalase can be hard to determine precisely but reports indicate a
Michaelis constant (Km) for H,O, comprised between 40 and 600 mM (Chelikani et al., 2004),
suggesting that in vivo activity is much lower than its maximal capacity and that catalase activity can
support transient high concentrations of H>O,. Genomic studies on plant species unveil the presence of
at least three catalase genes, as identified in Arabidopsis and tobacco encoding for three catalase
isoforms with high similarity (Willekens et al., 1995; Frugoli et al., 1996; Mhamdi et al., 2010b). Plant
catalases can be classified into three classes; class I is expressed mainly on photosynthetic tissues,
whereas class II is correlated with vascular tissues and class III with reproductive organs and seeds.
Although these enzymes are characterised, they are all expressed in all tissues, and more analyses are
required to decipher theirs in vivo significance in plant cells (Zimmermann et al., 2006). However,
interrogations concerning the catalase subcellular localisation in plants remain to be unravelled. It is

assumed that catalase is mostly found in peroxisomes enabled by an active import (Mullen et al., 1997).

In addition, catalase activity has been detected in cytosol, chloroplast and mitochondria (Kato et al.,
1997; Petriv and Rachubinski, 2004). Nonetheless, catalase import into mitochondria has not been
demonstrated yet, and it may be probable that contamination may account for reports of catalase activity
in this organelle, hence highlighting the need for further studies to describe the precise involvement of

this enzyme in the control of redox balance in plants.

Superoxide dismutases (EC 1.15.1.1; SOD) are ubiquitous antioxidant enzymes encoded by
multiple homolog genes which allow the processing of O, to generate H,O, and O, (Bowler et al.,
1994). SODs are metalloenzymes classified into three groups: FeSOD using iron as a metal cofactor,
MnSOD using manganese as a metal cofactor and Cu/ZnSOD containing zinc and copper ion, later one
acting as redox cofactor. Interestingly, SODs are localised in different subcellular compartments
depending on their catalytic centre. Indeed, FeSODs are specific to the chloroplast (Pilon et al., 2011),
whereas MnSODs are found in mitochondria and peroxisomes (Kukavica et al., 2009), and Cu/ZnSODs
are found in plastids, peroxisomes, cytosol and apoplast (Kréniger et al., 1992). Moreover, SODs exhibit
differential expression and activity during developmental processes and especially in response to abiotic
stimuli (Alscher, 2002; Sz6116si, 2014), even going so far as being considered as selection criteria for
plant performance for some species (Saed-Moucheshi et al., 2021). Hence, superoxide dismutases are
crucial in controlling the cell redox poise by rapidly scavenging superoxide radicals directly on their

production site.
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TRXs are small ubiquitous enzymes that display a dithiol in their active sites and operate as
crucial redox regulators by catalysing a reversible disulphide-bond formation, using reduced ferredoxin
or pyridine nucleotides as electron donors, hence monitoring protein structure and activity. Plants
present plenty of TRX genes, with 20 identified in Arabidopsis, coding for mitochondrial, plastidial,
nuclear and cytosolic proteins. TRXs have a myriad of roles in various primary and secondary metabolic
pathways (i.e., regulation of Calvin-Benson cycle, chlorophyll and ATP synthesis, transmitting redox
signalling, defence against pathogens, etc.) (Geigenberger et al., 2017), and at the same time participate

in fruit chilling tolerance (Wu et al., 2016).

PRXs are a large thiol peroxidases protein family, encoded by plenty of different genes, and
distributed in all subcellular compartments (Rouhier and Jacquot, 2005). These abundant enzymes
participating in multiple functions in redox signalling pathways can be classified into four groups based
on their structural and biochemical properties. However, all contain a cysteinyl residue within their
catalytic centre allowing the reduction of various peroxides. Next, thioredoxins and glutaredoxins act as
electron donors during thiol-disulphide reactions, which regenerate PRX catalytic centre. PRXs are
regulated by both transcriptional and post-translational modifications, such as phosphorylation, and play
a role in redox metabolism and signalling, thus participating in the plant trade-off between growth and

adaptation to the environment (Dietz, 2003; Liebthal et al., 2018, and reference therein).

GRXs, like TRXs, are small ubiquitous enzymes with oxidoreductase activity that catalyse
binding of iron-sulfur (Fe-S) clusters and reduction of disulfide bonds using free glutathione as a
reducing power supplier. In plants, glutaredoxins are distributed in all cellular compartments and
classified into six different classes (Meyer et al., 2008). GRXs participate in the regeneration of
antioxidant enzymes such as PRXs, and in the deglutathionylation of proteins, thereby, regulating post-
transcriptionally their activity. Besides, GRXs participate in the regulation of iron pools of cells and
transduction of redox signalling in response to developmental processes (Hofmann, 2009) in response
to environmental stimuli (Rouhier, 2010). Overall, these redoxins are encoded by the multigenic family
but display various functions and specie-dependent regulatory pathways. They participate actively in
regulating the redox hub by acting at transcriptional, transcriptional and post-transcriptional levels.
However, knowledge of the exact mechanism of these enzymes in plants, especially in fruits, is still

lacking.

i  ASC-GSH cycle

After discovering ascorbate and glutathione and their role as crucial antioxidants for plant
development. Firstly described in 1976 by Barry Halliwell and Christine H. Foyer (Foyer and Halliwell,
1976), the ascorbate-glutathione cycle (also known as the Foyer-Halliwell-Asada pathway) links the
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three major redox buffers together in a ménage-a-trois allowing rapid ROS processing while maintaining

a pool of antioxidants (Foyer and Noctor, 2011).

In brief, ROS react preferentially with GSH and ASC: the latter can reduce H,O, via ascorbate
peroxidase (EC 1.11.1.11; APX) to produce water and MDHA that will be reduced by MDHAR using
NADPH, or be transformed spontaneously in DHA and thus be reduced by DHAR using GSH (Figure
1.32). These repetitive redox cycles allow for the regeneration of the pools and the maintenance of the
cellular redox buffers in a highly reduced state in most cellular compartments under unstressed
conditions. Furthermore, these three major cellular redox buffers display distinct redox potential: -0.1,
-0.23 and -0.32 mV for the ASC/DHA, GSH/GSSG and NAD(P)'/NAD(P)H, couples respectively
(Figure 1.32). In this case, as pyridine nucleotides have a lower redox potential, they will be detrimental
for electron transfer to GSH and ASC during redox mechanisms. Thus, pyridine nucleotides are crucial
for the regeneration of GSH and ASC through GR and MDHAR enzymes as well as being involved in
other metabolic pathways, thereby linking redox homeostasis to central metabolism (Gakiere et al.,
2018a). This clearly suggests a dynamic redox metabolism during growth as it influences the redox state

of pyridine nucleotides and other redox buffers.
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Figure 1.32: Major cellular redox buffers: a ménage-a-troisto manage ROS. Plain and dashed arrows
represent enzymatic and non-enzymatic reactions, respectively.

SOD: Superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase; MDHA:
monodehydroascorbate; ASC: reduced ascorbate; MDHAR: monodehydroascorbate reductase;
DHA: dehydroascorbate; DHAR: dehydroascorbate reductase; GSH: reduced glutathione; GSSG:
glutathione disulfide; GST: glutathione S-transferase; GRX: glutaredoxin; PRX: GRX-dependent
peroxiredoxin; GR: glutathione reductase; ROH: organic compound with alcohol group; ROOH:

organic compound with peroxide group. From (Decros et al., 2019a). 60
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C. Redox hub and signalling in fruits

The redox hub consists of all the metabolites and enzymes able to generate, process or trigger
oxidative signals, whilst the resulting redox signalling can modulate the physiology of fruits (Mittler,
2017; Noctor et al., 2018). Besides, redox status is also pivotal for the control of metabolic processes
(Geigenberger and Fernie, 2014). It is assumed that oxidative stress typically comes as secondary stress,
or signal, after primary stresses, being abiotic constraints (e.g. drought, flooding, wounding, high light,
chill or heat stress), or biotic challenges (e.g. pest attacks, bacterial and fungal infections). Indeed, the
generation of ROS is at the heart of the processes involved in the response of plants to various
environmental challenges, and participates in the establishment of adaptive signalling pathways (Noctor
et al., 2014). As previously mentioned, ascorbate, glutathione and pyridine nucleotides sit at the top of
redox metabolites. In this section, recent advances in our understanding of key spatio-temporal redox
signals occurring during developmental processes and in response to environmental stimuli, especially

in fruits will be presented.

I ROS signalling in response to developmental processes

Fruit development can be described in three main phases: cell division, cell expansion and
ripening. Young fruits share similarities with leaves because of photosynthetically active chloroplasts
driving central metabolism and thus developmental processes (Cocaliadis et al., 2014). Photosynthesis
participates in the production of starch, which will be turned into soluble sugars during fruit ripening. It
was shown in tomato that the mitochondrial malate valve is of significant importance in relaying redox
status to the plastids, which will influence plastidial metabolism (Centeno et al., 2011; Osorio et al.,
2013b). In fact, a reduction of malate content in the growing fruit led to enhanced starch and soluble
sugar pools by triggering the activation state of AGPase (EC 2.7.7.27) in ripening tomatoes.
Interestingly, such metabolic variations tend to provide tolerance of tomato to water loss, wrinkling, and
pathogenic infections. This encourages the paradigm of a versatile role of redox signals in metabolic
regulation during development and in response to stress (Tian et al., 2013). Another signature of ripening
is the transition of chloroplasts to chromoplasts by decreasing green chlorophylls at the expense of
coloured antioxidant metabolites such as carotenoids (Marti et al., 2009; Lado et al., 2015).
Simultaneously, the expression of photosynthetic genes, both nuclear- and plastid-encoded, declines as
the fruit ripens. Furthermore, the accumulation of carotenoids is stimulated by ROS synthesis (Pan et
al., 2009), in particular (3-carotene, tocopherol and plastoquinone, which build up mainly within
lipophilic membranes (Miret and Munné-Bosch, 2015). Nevertheless, epigenetic processes displayed a
crucial role in growing tomato fruit as the expression of genes involved in antioxidant biosynthesis (e.g.

flavonoids, carotenoids) is influenced by DNA demethylation levels (Lang et al., 2017).
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Therefore, fruits present considerable discrepancies in redox signalling, their source (e.g
chloroplastic, mitochondrial, peroxisomal, apoplastic), and the duration and extent of oxidative stress,

during all their development in comparison to leaves (Mufioz and Munné-Bosch, 2018).

The final process of fruit development, ripening, is mediated by redox signalling, which is
particularly involved during the chloroplast-chromoplast transition and in mitochondrial metabolism.
Indeed, carbonylation of mitochondrial proteins induces an increase in respiration rates when sugar
supply becomes limiting, thus affecting the cellular redox state (Qin et al., 2009a; Tian et al., 2013).
Fruit ripening is characterised by a progressive increase in oxidative stress, inducing an accumulation
of H,O, concomitant with the change in colour of the skin of fruits (Jimenez et al., 2002; Marti et al.,
2009; Qin et al., 2009a; Pilati et al., 2014; Kumar et al., 2016). Effectively, there are two peaks of ROS
accumulation during fruit ripening: first at the beginning of ripening and then during overripening before
or after harvest (Mufioz and Munné-Bosch, 2018). It can be assumed that increased oxidative stress
weakens lipid membranes and hence promotes fruit softening, which is beneficial for seed release
(Jimenez et al., 2002). Moreover, the observation that short-lived tomato cultivars are subjected to
oxidative stress and display lower antioxidant activities (Cocaliadis et al., 2014) reinforces the idea that

redox signalling impacts fruit development and storage properties.

ROS production during development induces oxidative signals that need to be processed by the
antioxidant machinery to avoid potential cellular damage. For example, the accumulation of H,O, during
grape berry ripening is accompanied by an increase in CAT activity (Pilati et al., 2014). In addition,
increases in the activities of other antioxidant enzymes such as APX, MDHAR and GR are observed in
peach under oxidative stress conditions (Camejo et al., 2010). However, the biological diversity of fruits
shows contrasting observations for peroxidase activity. In fact, fruits such as mango, apple and banana
show an increase in PX activities while decreasing in fruits such as tomato, strawberry and pepper
(Pandey et al., 2012), and references therein). On the other hand, ASC metabolism displays substantial
discrepancies in its biosynthesis, recycling and catabolism during fruit development, especially in
grapevine (Melino et al., 2009), where it is strongly linked to the accumulation of two derivatives of
interest (tartaric and oxalic acids) for the wine industry. In fact, young berries show a rapid accumulation
of ASC, mainly in reduced form (reflected by a low ASC/DHA redox ratio). In contrast, mature fruits
also show an increased accumulation of ASC, but on the contrary, mainly oxidised (higher ASC/DHA
ratio). Furthermore, differential regulation of the DHAR and MDHAR genes is observed during the
ripening of acerola, an exotic fruit mainly cultivated for its ASC content (Eltelib et al., 2011). A
comparison of ASC metabolism in two citrus species harbouring different ASC contents, mandarin and

orange, revealed that the higher ASC content in ripening orange was associated with an increase in its
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biosynthesis via stimulation of the expression of genes encoding GME, GGP, L-GalDH and L-GalLDH,
as well as reduced ASC degradation activities by ASC oxidase and APX (Yang et al., 2011).

Another elegant work reported a global stimulation of the activity of the enzymes composing the ASC-
GSH cycle in mitochondria isolated from ripening tomato fruits (L.6pez-Vidal et al., 2016). Recently, a
systems biology approach in tomato, combining large-scale multi-omics and phenotypic data for
maturing fruit from RNAIi lines for three enzymes involved in ASC metabolism (AO, GLD and
MDHAR) have been conducted (Stevens et al., 2018). The ASC/DHA ratio has been reported to impact
the expression of genes involved in essential cellular functions such as protein synthesis, stability, and
ribosomal function. In addition to its redox role, ASC synthesis is also crucial for tomato fruit growth
(Garcia et al., 2009; Mounet-Gilbert et al., 2016), as illustrated by the strong growth inhibition of tomato
fruits affected in mitochondrial ASC synthesis (Alhagdow et al., 2007). Finally, a recent study modelling
protein turnover during tomato fruit development revealed a stage-specific response of redox protein
profiles (Belouah et al., 2019). Differences in redox-related proteins occur in the young fruit (e.g. SOD,
APX) and at ripening (e.g. MDHAR, GR), strengthening the role of ASC metabolism that appears

crucial for regulating the redox poise and associate signalling during fruit development.

During ageing processes (Z.e. senescence), oxidative stress occurs and can damage proteins, by
targeting mainly methionine (Met) and cysteine, which contain thiols, resulting in conformational
changes and thus impairing catalytic functions (Davies, 2005). Met sulfoxide reductase (MSR, EC
1.8.4.11/12) catalyses the reduction of oxidised Met (Emes, 2009; Rey and Tarrago, 2018), which has
been reported to decrease the expression of MSR genes and thus play a role in litchi fruit senescence
(Jiang et al 2017). Along with the regulation of MSR genes, mitochondrial antioxidant systems are
related to differential carbonylation of mitochondrial proteins in ripening tomato fruits, which may be
involved in protein degradation and cellular signalling (Ldpez-Vidal et al., 2016). Besides protein
targeting, fruit ageing includes other redox-related changes. For instance, postharvest senescence and
rotting are characterised by an accumulation of oxidative markers (e.g. MDA, ROS) concomitant with
a decline of several antioxidant pathways (e.g. ascorbate, flavonoids, total phenolics) in the Kyoho grape
(Ni et al., 2016). Interestingly, exogenous treatment with hydrogen sulphide could mitigate those redox
perturbations by stimulating CAT and APX activities, and by reducing those of lipoxygenase in the pulp
and peel of Kyoho grape (Ni et al., 2016).

In addition to central metabolism, more specialised pathways involving phytohormones link to
redox signalling and fruit developmental processes (Symons et al., 2012; Leng et al., 2013) as some
major antioxidants are involved in phytohormone synthesis pathways. In some fruits such as red
raspberry, the ripening stage at harvest conditions the antioxidant contents (e.g. anthocyanins,

ellagitannins, vitamin C and E, carotenoids) (Beekwilder et al., 2005; Miret and Munné-Bosch, 2016).
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Moreover, the application of ascorbic acid after fruit set influences the redox state of ASC in young
berries, inducing a more than a two-fold increase of ASC pool in ripe fruit. It was explained by
perturbation of ASC oxidation (AO and APX) and recycling enzyme activities (DHAR and MDHAR)
(Miret and Munné-Bosch, 2016).

Furthermore, fruit decay is a major issue in post-harvest conditions, caused by perturbation of the redox

balance, including ROS production (Pétriacq et al., 2018).

Thus, antioxidant systems (e.g. ASC total pool and redox state, ASC-GSH cycle) are key components
of fruit growth, which is further supported by the idea that ROS are signalling molecules requiring
finely-tuned homeostasis. From an agri-food perspective, further research is required to decipher the
involvement of each redox event monitoring fruit development so that efficient strategies can be

developed to improve fruit production and storage.

II. ROS signalling in response to environmental constraints

As previously mentioned, abiotic constraints (e.g. drought, flooding, wounding, high light, chill
or heat stress) or biotic challenges (e.g. pest attacks, bacterial and fungal infections) induce oxidative
stress. Indeed, ROS production is a central mechanism in response of plants to various environmental
changes and is involved in the establishment of adaptive signalling pathways (Noctor et al., 2014). ROS
can be produced in the apoplast during biotic and abiotic environmental challenges by NADPH oxidases
acting as signalling starting point (Torres and Dangl, 2005; Suzuki et al., 2011; Mittler, 2017). For
example, upon cold stress, NADPH oxidases are regulated via ethylene and ROS signalling pathways
in apple (Zermiani et al., 2015) and strawberry fruits (Zhang et al., 2018). To this day, it is well assumed
that major redox couples (NAD, ASC, GSH) are integral regulators of stress responses in plants,
including both abiotic and biotic stresses (Pétriacq et al., 2013; Noctor and Mhamdi, 2014; Gakieére et
al., 2018a; Smirnoff, 2018). For instance, resistance to citrus canker disease in citrus fruit can be induced
by exogenous application of NAD" (Alferez et al., 2018). Additionally, redox metabolism overcomes
hormonal signalling during stress responses, especially by regulating the stress hormones SA, JA and
ABA, which are key actors of metabolic adjustments (Leng et al., 2013; Geigenberger and Fernie, 2014;
Gakiere et al., 2018a). Therefore, a complex signalling network linked with redox metabolism is devoted
to designing the fruit stress responses. However, the relation and regulatory pathways between these

multiple signalling partners are poorly understood.

As for developmental processes, a hallmark of plant responses to stress is the activation of the
ASC-GSH cycle (Figure 1.33). A detailed proteomic analysis of tomato fruit reported the implication of

proteins, involved in ASC and/or GSH metabolism, in response to various abiotic stress (Marmiroli et
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al., 2017). Moreover, upon toxic ion (arsenic and silicon) exposure, tomato fruits cultivars display
differential redox discrepancies in ROS and antioxidant metabolite contents (e.g. lycopene, carotenoids,
phenolics), ASC and GSH redox states, and lipid peroxidation depending on their cultivars (Marmiroli
et al., 2017). This results in the proposition of some of these redox alterations (H.0,, ASC and GSH
redox states, total carotenoids and phenolics) as reliable biomarkers in response to arsenic exposition

(Marmiroli et al., 2017).
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Figure 1.33: Redox signalling is pivotal to fruit growth and stress responses. Fruits produce ROS and

other redox signals during development and in response to environmental stress. ROS homeostasis
is finely tuned between ROS production and processing. This involves several enzymatic and non-
enzymatic mechanisms, including antioxidant metabolites and major redox buffers (NAD/P(H), ASC
and GSH) that allow antioxidant cycles to process excess of ROS. When ROS levels are too high,

the resulting oxidative stress would damage cellular structures. From (Decros et al., 2019a).
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Besides arsenic, temperatures, and particularly hot air treatment, directly triggered the induction
of ROS-processing enzymes (CAT, APX and SOD) in strawberry fruits, which induce a diminution of
lesions caused by the fungal pathogen Botrytis cinerea (Jin et al., 2016). Furthermore, a study of cold
and light stress in tomato fruit unveils regulation mechanisms of synthesis, recycling and oxidation of
ASC by temperature and light in fruit (Massot et al., 2013). In fact, light has been shown to promote
ASC and GSH accumulation in tomato fruit, thus supporting the previously reported hypothesis towards
a light stimulation of ASC synthesis (Gautier et al., 2009; Massot et al., 2012; Baldet et al., 2013;
Smirnoff, 2018). From a post-harvest perspective, fruit redox signalling is associated with physiological
impairments under multiple storage conditions, such as for pome fruit, where redox-related metabolites
(e.g. y-aminobutyrate: GABA) are prone to accumulate or promptly decrease (e.g. ASC, GSH) after
exposure to changing air conditions (e.g. low O, and/or elevated CO» environments) (Lum et al., 2016).
As a consequence of these redox perturbations, disturbances of the energetic and oxidative balance
occur, highlighting the crucial role of pyridine nucleotide redox states as they regulate both GABA and
antioxidant metabolism, and which confirms the close relationship between major redox buffers and
oxidative metabolism monitoring (Trobacher et al., 2013; Lum et al., 2016). In the context of the
transport of agronomical products, interactions between redox metabolism and chilling stress are
specifically critical since low temperatures are used to delay the senescence of many fruits, which has
been recently reviewed (Valenzuela et al., 2017). In addition, thioredoxin genes have been shown to
participate in the regulation of redox poise and improve tolerance to chilling stress in harvested banana
fruits (Wu et al., 2016), which is of particular interest for post-harvest issues. New generation
sequencing technics allowed the identification of 163 circular RNAs displaying differential expression
during chilling stress in tomato fruit. Among them, several ones were predicted to be linked with redox
reactions and diverse stress signalling pathways (e.g. heat/cold shock protein, energy metabolism,

hormonal responses, salt stress, cold-responsive transcription factors) (Zuo et al., 2016).

Pathogens infection of fruits is a burning issue because of the dramatic post-harvest diseases
that lead to the loss of 50% of the total production worldwide (Romanazzi et al., 2016; Pétriacq et al.,
2018). The fungal elicitor chitosan and the benzothiadiazole (salicylate-mimicking compound) can
modulate chloroplastic signals to trigger at transcriptional level various defence responses through redox
alterations (e.g. PX, GST, GRX) in strawberry fruits (Landi et al., 2017). Accordingly, chitosan or SA
also influences the redox status of the cell (e.g. TRX, SOD, PX), as illustrated by transcriptomic analysis
of sweet orange (Coqueiro et al., 2015). Another instance validating the use of resistance inducers as
promising strategies to elicit fruit biotic responses (Pétriacq et al., 2018), comes from Peronophythora
litchii-infected litchi fruit, where a chitosan treatment allows a reduction of infection symptoms (Jiang

et al., 2018).
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Disease tolerance was supported in litchi pericarp by an increase of activities of defensive (chitinase,
phenylalanine lyase, glucanase) and ROS-processing enzymes (SOD, CAT and APX), resulting in a
lower O,- generating rate and malondialdehyde pools, as well as a higher content of major redox buffers
(ASC and GSH) and reducing power. Besides, a novel phytohormone (-aminobutyrate; BABA) was
shown to regulate antioxidant metabolites (e.g. flavonoids, polyphenols) and ABA contents (Wilkinson
et al., 2018) and induce resistance against Botrytis cinerea in tomato fruit (Thevenet et al., 2017). This
resistance was also related to a delay in fruit ripening, suggesting a metabolic trade-off between defence

metabolisms and fruit growth.

Altogether, phytopathological studies confirm the implication of redox metabolism in response
to pathogen infection by triggering an oxidative burst in infected fruit tissues. The oxidative signal
provided by the excess of ROS is monitored by both stimulations of enzymatic antioxidative (ASC-
GSH cycle) and non-enzymatic protective, scavenging molecules (Tian et al., 2013). Therefore,
induction of antioxidant functions and especially function related to major redox buffers has proven to

be successful in controlling post-harvest diseases in fruits (Romanazzi et al., 2016; Pétriacq et al., 2018).

D. Limits in redox studies

As stated in the introduction part, ROS are highly sensitive molecules, and redox reactions can be
summarised as an electron transfer between an oxidant and a reductant. Since their discovery, there has
been an increasing development of new methods to quantify and/or visualise the distribution of ROS
and redox metabolites. However, there are still limitations to the study of redox metabolism and the
interpretation of these results. Some parameters such as the subcellular distribution and transport

mechanisms of the main antioxidants remain unclear, especially in fruit tissues.

I, Highly reactives molecules

Studying oxidative stress necessarily requires measuring ROS content. Three main categories
of methods to estimate ROS can be identified among the numerous protocols available: by monitoring
the ROS released in the cell medium (often applied to cell culture studies), by staining tissues allowing
the visualisation of ROS distribution in situ, and by in vitro biochemical assays after extraction.
Nevertheless, all these methods display limitations and artefact interferences and must be used with

caution for data interpretation.
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Moreover, for in vitro assays, it is necessary to take great precautions during sampling to avoid as much
as possible any oxidative stress due to the handling of the plants, which could impact the ROS

concentration and/or the cellular redox state.

Then, limits related to ROS stability, metabolic interference, and specificity remain during sample
extraction and assays. Briefly, nitroblue tetrazolium (NBT) and 3,3’-diaminobenzidine (DAB) staining
are the most common methods used to study in situ localisation and accumulation of O,* and H>O,
respectively. However, it has been shown that these methods are not specific to ROS as NBT can be
reduced by many dehydrogenases (Fridovich, 1997), but other oxidative stress markers can be analysed
to validate the interpretation of the results as these methods still reflect oxidative stress in situ. In vitro
assays are mainly restricted to the determination of H,O, because the other ROS are very unstable and
cannot be retained during the extraction step. In fact, hydrogen peroxide cannot be extracted using water
or neutral buffer because it allows antioxidant machinery to process ROS during sample preparation.
Specific acid extraction, inhibiting redox reactions, should be done to enable a proper in vitro H,O,
assay. In addition, the same precautions need to be taken for antioxidant metabolite assays to measure
their redox state (Noctor et al., 2016). Besides, antioxidants encompass a plethora of metabolites either
hydrophilic or lipophilic, making it virtually impossible to quantify antioxidants in a tissue fully.
However, there are methods to translate this antioxidant capacity into equivalents of known molecules,
including the TEAC assay, which allows an estimation of the proportion of hydrophilic and lipophilic

antioxidants separately.

II, Subcellular localisation

Another major limitation of the study of redox metabolism is the limited knowledge available
about the subcellular distribution and physiological concentrations of ROS and redox buffers within the
different subcellular compartments. Indeed, the ROS concentrations observed using in vitro assay
methods do not consider the distribution of ROS within the cell. It is assumed that under certain stress
conditions, ROS can accumulate to very high concentrations, but are confined to a specific space in the
cell (e.g. apoplast, vacuole, mitochondria, plastids), thus not inducing oxidative stress and redox
signalling networks. The same applies to the major redox buffers, which are known to be
heterogeneously distributed in the cell, but it is difficult to quantify them within a specific subcellular
compartment. Indeed, the fractionation methods do not allow preservation of these metabolites and their
redox state even if new emerging methods can bring solutions like non-aqueous fractionation and
specific fluorescent probes. There are some examples of redox sensitive GMO lines for GSH and
NAD(P) allowing us to investigate in planta their subcellular concentrations and redox states

(Rosenwasser et al., 2010; Ming et al., 2017; Smith et al., 2021).

68



Chapter I. Introduction — Modelling of metabolism

However, plants present a great variability between species, organs and tissues requiring

specific methods of optimisation and further works on method development.

III, Transport of antioxidants

As stated in part II for the major redox buffers, the transport of antioxidants in plants is poorly
documented. Nevertheless, some transporters have been identified but much remains undiscovered in
this area. Antioxidant transport is often overlooked in studies of oxidative stress, although apoplastic
and symplastic transports of ASC and GSH are partially known in plants. We can also suppose that
specific transporters of antioxidants are present in the membrane of organelles as their heterogenic
subcellular distribution supposes. However, some isotopic labelling experiments have been carried out,
but they are more dedicated to the study of synthesis and catabolism pathways than transport systems
(Truffault et al., 2017; Miiller-Schiissele et al., 2020). Likewise, redox sensitive fluorescent biosensors
are emerging that enable to monitor in vivo concentrations and/or redox of major redox buffers such as
GSH and NAD(P) (Rosenwasser et al., 2010; Smith et al., 2021). These new technics have provided
insight into the involvement of antioxidant transport in development and plant immunity (Elsasser et al.,
2020; Feitosa-Araujo et al., 2020). Moreover, modelling appears as a good alternative to validate the
hypothesis for transport of antioxidants even if the specific regulations remain to be discovered.
Although fluorescent probes cannot quantify the underlying redox fluxes, they provide useful data that
can be used to constraint computational models and thus quantify the redox fluxes associated with plant
metabolism. Nonetheless, accurate calibration of fluorescent probes is critical for providing reliable

quantitative data which remains an issue for redox sensor development (Smith et al., 2021).

Overall, although the current evidence has limitations, it has identified many links and
interactions between redox metabolism and plant developmental processes, and during plant response
to various stresses. Considering that ROS are now seen as signalling molecules and no longer toxic
metabolic by-products, the research interest in redox metabolism has raised during the last decades and
suggests that new methods will emerge to overcome these limitations and offer the potential to shed the

light on a range of outstanding questions concerning redox metabolism in plants.
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E. Integrative modelling of metabolism

The evolution of knowledge and savoir-faire in the topic of plant biology has led to the
characterisation of plant metabolism as well as its regulation, at different omics levels. This resulted in
the accumulation of a considerable amount of information on the physiological processes involved in
development. All these data can be used to develop mechanistic models of metabolism able to make
meaningful biological predictions (Bordbar et al., 2014; Beauvoit et al., 2018). Several types of models
have been used in fruit research: reaction-based (stoichiometric), process-based (biophysical) and
enzymatic-based (kinetic). These different models are complementary and can be integrated with each

other allowing a better deciphering of fruit biology.

I Stoichiometric modelling (constraint-based modelling)

Stoichiometric modelling is based on the assumption of a pseudo-steady state and a description
of metabolism by stoichiometric reaction equations. A metabolic network is described by reactions,
mainly catalysed by enzymes, in which substrates are metabolised into products, keeping the balance of
the number of atoms (C, H, O, N and S) and the charge on each side of the equation. By maintaining
these equilibrium principles, it is possible to reconstruct genome-wide metabolic networks that allow
the distribution of metabolic fluxes in a cell to be estimated. These metabolic networks can be associated
with constraints (input and/or output fluxes, minimum and/or maximum reaction rates) to predict the
variations of metabolic fluxes and are also called constraint-based models. These models have been used
to optimise the production of high-value molecules such as vanillin (Brochado et al., 2010) and lycopene
(Alper et al., 2005) in single-cell systems. However, stoichiometric models are poorly developed in
more complex systems such as plants that face many challenges, including sub-cellular
compartmentalisation and tissue metabolic specificities. Nevertheless, they can predict fluxes, thus
offering an interesting alternative to isotopic labelling, especially for fruits, which are very difficult to
label (Sweetlove and Ratcliffe, 2011). Over the last decades, a large number of stoichiometric models
have been published (Bordbar et al., 2014), including an increasing number of models describing plant
metabolism. Stoichiometric models are attracting interest because they can be genome-wide, require
few computational resources and overcome some experimental difficulties by using alternative
modelling approaches (Shi and Schwender, 2016). For example, in tomato fruit, a stoichiometric model
describing central metabolic fluxes throughout development, including a detailed description of
respiratory metabolism, has been used to highlight the role of alternative oxidase and uncoupling
proteins in fruit ripening (Colombié et al., 2015, 2017). This constraint-based modelling approach is a
promising tool for estimating fruit respiration, which is difficult to measure directly on plants. Moreover,

the flow analysis and modelling of a series of plant systems have shown that the supply of metabolic
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inputs and the request for final products are major regulators of metabolic flows (Sweetlove et al., 2013).
Thus, the use of constraint-based models could be very beneficial in developing our knowledge of the
links between metabolism and fruit performance traits such as nutritional quality, taste and growth rate.
This could allow, for example, the identification of genetic loci associated with fluxes, thus leading to

the characterisation of genes involved in their control and ultimately to new selection strategies.

II, Kinetic modelling (enzymatic modelling)

Enzymatic kinetic model allows the reactions constituting a metabolic network to be described
as a set of ordinary differential equations (ODEs). With the help of experimental data, this leads to the
calculation of fluxes and the prediction of metabolite concentrations in the metabolic network. In
addition, kinetic models allow the importance of each enzymatic step in regulating fluxes to be
estimated. Thus, candidate enzymes can be identified that could be targeted to influence metabolism in
the desired way (Rohwer, 2012). Robust experimental data on enzymes and metabolites are essential for
building kinetic models, which explain why few validated kinetic models, especially in plants, are

available (Rohwer, 2012; http://jjj.mib.ac.uk/ and http://www.ebi.ac.uk/biomodels-main/), despite their

great potential. The development of an enzyme-based kinetic model requires several types of
knowledge: (i) the topology of the reactions within the metabolic network and the enzymatic parameters
of the enzymes involved; (ii) the cellular composition of accumulated metabolite cofactors; and (iii) the
subcellular compartmentalisation (Schallau and Junker, 2010; Rohwer, 2012). Thus, it allows expressing
fluxes using enzyme kinetic rate laws such as Michaelis-Menten and other ad hoc laws (Cornish-
Bowden, 2004; Liebermeister and Klipp, 2006) based on the concentrations of reagents and kinetic
properties of enzymes. Since enzyme capacities may vary during fruit development due to metabolic
reprogramming (Biais et al., 2014), they must be determined experimentally. On the other hand, kinetic
constants can be taken from the literature as well as from experimental measurements. Finally, the
validation of these models requires independent data sets obtained, for example, with transgenic lines
(Figure 1.34) (Beauvoit et al., 2014). For example, during tomato fruit growth, an enzymatic model of
sucrose metabolism highlighted the role of invertase and tonoplastic sugar transporters in controlling
the osmotic pressure of the vacuole and thus in the regulation of the growth of the developing tomato
fruit (Beauvoit et al., 2014). This model also allowed to test the physiological relevance of previous
hypotheses. For example, the feedback inhibition of acid invertase and glucokinase, on the one hand,
and the proton coupling mechanism of tonoplast transporters, on the other hand, were found to be
essential to accommodate the experimentally measured sugar content throughout tomato fruit
development (Beauvoit et al., 2014). Nevertheless, one of the challenges in building realistic kinetic
models is the relatively small size of the networks, the rarity of data on enzymes, their post-translational

modifications, and robust validation data sets (Beauvoit et al., 2018).
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Figure 1.34: Schematic representation of a data integration pipeline during construction and
refinement of an enzyme-based kinetic (EBK) model.

Chemical information gives a structural framework describing the model topology. It is composed
of chemical compounds connected through reactions and thermodynamic constants. The structural
model is further enriched by enzyme data, which constrain the kinetic model. Enzyme rate laws are
connected through a set of ordinary differential equations parameterized by numerous kinetic

constants, e.g. enzyme capacity ( Vimax), Michaelis—-Menten constants (X,,), as well as activation and

inhibition constants. The enzyme-based model is further realistically constrained by metabolomics,
first by giving access to co-factor concentrations and output fluxes, and secondly by enabling model
parameterization via least-square fit of experimentally determined metabolites. Ultimately,
independent data sets, when available, can be used to cross-validate the refined model. An additional
layer of information is provided by cytological data. Thus, knowing the volume fraction of
subcellular compartments and implementing the model with carriers and enzyme isoforms located in
different compartments allows the model to calculate local concentrations and fluxes. From

(Beauvoit et al., 2018)
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11T, Process-based modelling

Process-based models describe the interactions between the different components of a system
causally. These models allow the quantification of plant responses to different factors (genetic and/or
environmental), thus allowing the dynamic simulation of physiological processes, which is very useful
for agronomic applications (van Ittersum and Donatelli, 2003). However, not all processes involved in
fruit performance can be integrated into this type of model. Nevertheless, there are models to study fruit
yield and composition in response to various environmental conditions (de Jong et al., 2011) and
agricultural practices (Louarn et al., 2007; Da Silva et al., 2011), thanks to a detailed description of the
processes involved in the control of plant architecture. Another functional/structural model, developed
in tomato, showed that fruits show compositional variations according to plant age and fruit position in
the plant and also within the truss, by simulating carbohydrate concentration and water potential within
the plant through modelling photosynthesis and leaf transpiration during plant development (Baldazzi
et al.,, 2013). In addition, a virtual fruit model, integrating the major processes involved in fruit
performance into a single system (Lescourret and Genard, 2005; Martre et al., 2011), has been applied
to various species and provide the simulation of many conditions and the formulation of new hypotheses.
For example, this model predicts that increased import of sugars into the fruit leads to an increase in the
amount of water accumulated in the fruit, which in turn causes an increase in fruit size. However, this
increase in fruit size through water supply leads to a dilutional decrease in the concentration of sugars
in the fruit. Finally, these different models are complementary. The integration of process-based models
with more mechanistic models represents an exciting alternative to identify the variables with the

greatest impact on a trait of interest and thus improve fruit performance.

1V. Integrative modelling

Fruit performance depends on an integrative system that combines metabolic networks and
biophysical processes at different levels of the plant. Only process-based modelling considers
environmental variables, unlike mechanistic models of metabolism. Integrative models have several
interests (Baldazzi et al., 2012). Firstly, it would allow linking environmental variables, agricultural
practices or the developmental stage of the plants with omics data. Secondly, these models will make it
possible to highlight the interactions between different plant organs and/or tissues during plant
development (Chew et al., 2014). In short, integrative model development between process-based
models and the genetic basis of metabolism could lead to powerful tools for deciphering key regulators

of processes involved in fruit quality (Struik et al., 2005) (Figure 1.35).
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Figure 1.35: Fruit model comparison and integration.

The comparison of common variables enables cross- validation. The arrows indicate examples of
potential benefits that will be obtained by comparing or coupling kinetic, stoichiometric and/or
process-based models describing fruit growth and metabolism. Model integration necessitates the
archiving of data in common or translatable formats. Common variables are summarized in the box

between the models. Adapted from (Beauvoit et al., 2018).

For instance, the integration of a kinetic model concerning sugar dynamics into a process-based
model of central metabolism would highlight the steps (enzymatic and/or transport) that most influence
a trait of interest (Fishman and Génard, 1998; Beauvoit et al., 2014). Finally, it can be assumed that the
integrated models will enable in silico analyses of the interactions between the biophysical properties of
the fruit and the distribution of metabolic fluxes, which will provide valuable clues for metabolic
engineering. For instance, enzyme-based kinetic models can be used to obtain data for osmolyte
concentrations (7.e. sugars and organic acids), which can then be used to improve simulations of the

osmotic potential and its link with cell wall properties in process-based models.
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Thereafter, both kinetic and stoichiometric models can be used to improve flux simulations for, for
example, carbon influx or respiration within process-based models. In turn, process-based models can
be used to constrain input and output variables (e.g. carbon influx and fluxes) towards biomass
components (Figure 1.35). Such constraining also makes it possible to study the effects of environmental

variables such as temperature, light and watering on metabolic networks.

Overall, these integrative models could be a great asset for breeding by defining the most
important parameters and could lead to the design of ideotypes (Constantinescu et al., 2016; Zhu et al.,
2016; Chenu et al., 2017). However, these integrative models require a large amount of data using
various omics technics. Nowadays, no integrated fruit model linking detailed fruit metabolism to

biophysical fruit growth has been developed yet (Beauvoit et al., 2018).

Objectives of the PhD project

The change of paradigm in redox biology, considering ROS as finely-tuned signals modulating
plant metabolism, shed new light on redox networks, especially in plants where multiple sources of ROS
are possible and associated with many “ROS processing systems” (Noctor et al., 2018), while major
redox buffers (e.g. ASC, GSH and NAD) clearly appear at the forefront of oxidative regulations. ROS
production and redox signals arising from are crucial to harmonious metabolism and participate in
adaptive signalling pathways throughout development and in response to the environment. In parallel,
the development of mathematical integrative modelling permitted by new approaches providing

quantitative description through metabolic fluxes.

Progress in understanding the molecular signatures involved in the redox regulations controlling the
trade-off between fruit development and stress pathways will help to define novel strategies for optimal
fruit production and storage (Beauvoit et al., 2018). However, knowledge on redox biology in fruit is
sparsely documented, although principles originating from leaves tissues are valuable while waiting for

comprehensive studies that provide more extensive knowledge on fruits.

In this regard, my PhD project aims to provide the first quantitative description of core redox
metabolism in a developmental context while developing and implementing protocols allowing the rapid
quantification of major redox compounds. In addition, the use of an integrative modelling approach will

allow deciphering the implication of redox flux in the control of redox balance during fruit development.
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For this purpose:

1. A multiscale omics study focusing on NAD metabolism during tomato fruit development

provides a better view of the implication of NAD metabolism in redox and central metabolism,

2. Major redox buffers and total antioxidant capacity are assessed using targeted biochemical
analyses of the ascorbate-glutathione cycle, while untargeted L.C-MS analysis provides a global
comparison of developmental stages. Furthermore, mutant plants enriched in ascorbate have

been analysed to study the impact of an increase in ASC on tomato fruit,

3. The data sets obtained are finally used to develop a kinetic-based model of the ASC-GSH cycle,

allowing the investigation of redox fluxes and their regulation during tomato fruit development.

Besides, I participate in developing a redox platform to implement at Bordeaux Metabolome
Facility, allowing me to participate in some other projects, such as the characterisation of new NAD
kinase (Dell’ Aglio et al., 2019) and the characterisation of ASC-enriched mutants (Deslous et al., 2021).
I also had the opportunity to participate in the writing of reviews aiming to bring together the scattered
knowledge available on redox metabolism in fruits and in response to extreme environments (Dussarrat
et al., 2021). Furthermore, the preliminary data obtained allowed the designing of new projects more
focused on the involvement of redox metabolism during the fruit setting phase. To this end, different

ASC mutant fruits have been analysed at several flower and young fruit stages.
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Chapter II. Materials and Methods — Plant material

A. Plant material and growth conditions

I Plant material and Growth Conditions for fruits used in chapter IIT

Tomato fruit pericarps were obtained from Solanum lycopersicum L. var. Moneymaker as
previously described (Biais et al., 2014). Briefly, tomato plants were grown under usual production
greenhouse conditions in southern western France (44°23'56"N, 0°35'25"E) from June to October, using
a nutrient solution (detailed in (Biais et al., 2014)) to adjust plant growth and water supply to the climate
via a drip irrigation system that maintained 20-30% drainage (pH adjusted to 5.9, electrical conductivity
to 2.2 mS.cm™). Flower anthesis was monitored on trusses 5, 6 and 7, and fruits were harvested at nine
developmental stages (thereafter referred to as GS1 to 9), at about 8, 15, 21, 28, 34, 42 (mature green),
49 (turning), 50 (orange) and 53 (red ripe) days post anthesis (dpa). Seeds, jelly and placenta were first
removed for each fruit, and the resulting pericarp was cut into small pieces, which were immediately
frozen in liquid nitrogen. Pericarp samples were ground to powder and stored at -80 °C until further

analysis.

II, Plant material and Growth Conditions for fruits used in chapter IV and V

Tomato fruit pericarps were obtained from Solanum lycopersicum L. var. M82 under its
determined form. Ascorbate-enriched plants from Micro-Tom were characterised in (Deslous et al.,
2021). Briefly, ethyl methyl sulfonate (EMS) mutants were obtained using the Solanum lycopersicum
L. var. MicroTom cultivar and characterised through two previous PhD works carried out in our
laboratory (Théses C. Bournonville, 2015 and P. Deslous 2018 (Deslous et al., 2021). ASC-enriched
EMS mutant plants harbouring the causal mutation responsible for the phenotype were out-crossed with
Solanum lycopersicum L. var. M82 during 6 generations (OC6) to obtain plants ASC" phenotype in
M82 genetic background with a negligible proportion of MicroTom genome (<2%). Besides CRISPR-
Cas9 plants mimicking the causal mutation identified in the EMS line were also generated and out-
crossed with Solanum lycopersicum L. var. M82 during 3 generations (OC3) allowing to obtain a M82-
like phenotype enriched in ASC. After sowing, OC3F1 and OC6F1 seeds resulted in the culture WT-
like plants (50%) and heterozygous plants (50%). Both out-crossed lines with original EMS- and
CRISPR-lines were cultivated together with the WT M82 plants as well as the WT-like plants from the
two out-cross progeny which we defined as control and the whole at the same period and same green
house. For this experiment and the following analyses, each plant line (Mutants, WT M82, WT-like
from both EMS and CRISPR crossed lines) and their corresponding fruits have been used individually.
Remarkably, no difference was observed between the WT M82 and these WT-like in term of plant

growth, fruit growth as well as metabolite content. Thus, to simplify the results presentation, data from
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mutant lines have been pooled and compared to, what we consider as the more relevant reference that is

the real WT M82 to build figures.

Tomato plants were grown under usual production greenhouse conditions from February to July,
using long day photoperiod (16h day/ 8h night) and a temperature of 25°C during days and 20°C during
nights. Plants were randomised on 2 tables of 24 plants allowing to distribute at least nine plants for

each genetic condition.

III, Flower pollination and monitoring of fruit age

The pollination was carried out by gentle vibration of the fully opened flower at anthesis,
corresponding to the self-pollination process for control and wild-type plants. For the ascorbate-enriched
plants, which are impaired in pollen fertility and thus in self-pollination, flower emasculation was
performed at the anthesis stage. Then, pollen from flowers of WT plants were used and thoroughly
applied to the stigma by scraping the inner face of a fully opened anther cone or using a brush. To ensure
the cross-pollination, this operation was repeated at least three times on the same emasculated flower.
This operation allows the presence of pollen grains on stigma, then growth of pollen tubes in the style

to reach the ovules inside the ovary leading to the set-up of fruit development process.

The age of fruit was recorded by tagging flowers on the day of their fertilization and the

corresponding age was calculated for harvesting.

B. Harvesting conditions

Fruits were harvested according to their fertilisation tag, for anthesis and 4 DPA stages, fruits
were entirely frozen while for other stages, a 1cm thick central strip in the fruit pericarp was harvested,
cut into approximatively 2 mm sections and frozen immediately in liquid nitrogen in scintillation tubes
(Polyvials V, Natural high-density polyethylene, 20 ml). Harvesting have been performed as quickly as
possible to preserve redox metabolites. For each line and each stage, 3 vials containing at least three
fruits from different plants within the line was collected. All further analyses have been conducted using

the three biological replicates (n = 3).

79



Chapter II. Materials and Methods — Plant material

C. PCR genotyping and sequencing

I Genomic DNA extraction

Genomic DNA extraction is performed from young leaves or fruit pericarp (approx. 30 mg)
frozen in liquid nitrogen and ground in 96-well plates with a tungsten ball using the Retsch MM300
grinder 2 times during 1 min at 25 Hz.sec™, inverting the plate between the two grinds. Once ground,
the samples were centrifuged for 1 min at 5000 g (4 °C) and then 250 pL per tube of pPrep buffer (0.35
M sorbitol; 0.2 M Tris Base; 25 mM Na2EDTA; 2 M NaCl; 2% CTAB; Sarcosyl 5% (w/v); Bisulfilte
0.33%) was added. The tubes were homogenised in a grinder 2x30 sec at 25 Hz.sec™ and then placed in

a water bath at 65 °C for 1 hour, homogenising regularly by inversion.

After one hour, 225 pL of chloroform/isoamyl alcohol (24:1 v/v) were added and the whole was
homogenised by manual inversion then centrifuged for 10 minutes at 5000 g at 20 °C. The aqueous
phases are collected in new tubes and 250 pL of cold 100% ispropanol is added and homogenised by
inversion until the DNA precipitates. Once precipitated, the tubes are centrifuged for 10 minutes at 5500
rpm at 4 °C, the ispropanol is removed and the pellets are rinsed with 250 pL. of 70% ethanol. Finally,
the tubes are centrifuged for 10 minutes at 5000 g at 4 °C, the ethanol is removed by inverting the tubes
and the pellets are speedvac dried for 15 minutes at 65 °C. The pellet is finally recovered in 50 pL of
mQ water and stored at -20 °C.

II. PCR reactions and sequencing

Routine PCR reactions were performed with GoTag® DNA Polymerase (Promega) according
to the conditions recommended by the supplier using purified gDNA or cDNA. For pre-sequencing
amplification and cloning, PCRs were performed with the Q5® High-Fidelity DNA Polymerase kit
(BioLabs) or the PrimeStarMax kit (Takara) to minimise the risk of sequence errors. The targeted DNA
sequence responsible for the ASC-enriched phenotype (Upstream Open Reading Frame; uORF) was
amplified using a specific forward primer, containing the SNP of the causal mutation: P17C5_WT_F1
(TTCTGAAGGTGGTAGTCCTGC) and P17C5_Mut_F1 (TTCTGAAGGTGGTAGTCCTGT)
for WT and mutant, respectively. The same reverse primer for both WT and mutant was used:

P17C5_WT_R1 (GAGATTCCTTTGTTTCATCGG).

Then, PCR results were further validated by sequencing using primers amplifying GGP DNA
region (VTC2): VTC2seq F1 = (TAAACCGCCGACCACTTTTU) and  VTC2seq_R1
(GGAACCCTCTTAATTTTGAGCA) via Eurofins company.
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D. RNAseq and LC-MS/MS proteomics of developing tomato fruit

RNA and proteins were extracted and analysed as described previously (Belouah et al., 2019)

by RNAseq (GeT-PlaGe core facility, INRA Toulouse, France, http:/get.genotoul.fr) and LCMS/MS-

based proteomics (PAPPSO, INRA Moulon, France, http://pappso.inra.fr/index.php), respectively.

I, RNA extraction and RNAseq analyses

Briefly, total RNA was isolated from frozen tissue powder of tomato pericarp using plant RNA
Reagent (PureLink kit, Invitrogent) followed by DNase treatment (DNA-free kit, Invitrogen) and
purification over RNeasy Mini spin columns (RNeasy Plant Mini kit, QIAGEN), according to the
manufacturer’s instruction. RNA integrity was assessed using the RNA 600 Nano kit with a Bioanalyzer
2100 system (Agilent Technologies). RNAseq was performed at the GeT-PlaGe core facility, INRA
Toulouse (France). RNAseq libraries were prepared according to Illumina’s protocols using the TruSeq
Stranded mRINA sample prep kit to analyse mRINA. Library quality was assessed using an Agilent
Bioanalyzer and libraries were quantified by quantitative PCR (qPCR) using the Kapa Library
Quantification Kit. RNAseq experiments were performed on an Illumina HiSeq2000 or HiSeq2500
(2x100 bp).

II, Protein extraction and quantification

Total proteins from tomato pericarp were extracted as in (Faurobert et al., 2007). LC-MS/MS
analyses were performed with a NanoL.C-Ultra System (nano2DUltra, Eksigent, Les Ulis, France)
coupled with a Q-Exactive mass spectrometer (Thermo Electron, Waltham, MA, USA) as in (Havé et
al., 2018). For each sample, 800 ng (4 pl from a 0.200 ng.pl™ solution) of protein digest were loaded
onto a Biosphere C18 pre-column (0.1 x 20 mm, 100 A, 5 pm; Nanoseparation) at 7.5 pl.min™" and
desalted with 0.1% (v/v) formic acid and 2% ACN. After 3 min, the pre-column was connected to a
Biosphere C18 nanocolumn (0.075 x 300 mm, 100 A, 3 pm; Nanoseparation). The raw MS output files
and identification data were deposited online wusing the PROTICdb database

(http://moulon.inra.fr/protic/tomato_fruit_development).

Protein identification was performed using the protein sequence database of S. /ycopersicum

Heinz assembly v 2.40 (ITAG2.4) downloaded from https://solgenomics.net/ (34,725 entries). A

contaminant database, which contains the sequences of standard contaminants, was also interrogated.
Criteria used for protein identification were (1) at least two different peptides identified with an E-value

smaller than 0.01, and (2) a protein E-value (product of unique peptide E-values) smaller than 107°.
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Using reversed sequences as a decoy database, the false discovery rate for peptide and protein

identification were respectively 0.05% and 0%.

E. Data analysis of mRNA and protein profiles

Datasets consisted of 22,877 transcript and 2,375 protein profiles and were made publicly
available via GEO repository (Barrett et al., 2013) with the accession number GSE12873

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128739) for the transcripts. The proteomics

data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al.,

2019) partner repository with the dataset identifier PXD012877.

Prior to uni- and multivariate statistical analyses, mRINA and protein data were pre-processed
to normally distributed data by performing median normalisation, cube-root transformation and Pareto
scaling of the data intensities as described previously (Belouah et al., 2019). Normalised datasets were
then used to construct score plots of Principal Component Analysis (PCA) for transcriptomic and

proteomic overview using MetaboAnalyst v 4.0 (http://www.metaboanalyst.ca/), or dendrograms of

clustering analysis by Pearson’s correlation with complete clustering linkage using MeV v 4.9.0

(http://mev.tm4.org/). Significant markers of both transcripts and proteins were determined by ANOVA
after discarding false positives (p < 0.01 corrected for multiple testing by Bonferroni method).
Transcript and protein features of NAD-dependent functions were selected by identifying domains
(InterPro and GO) that were annotated to bind or process pyridine nucleotides using Assembly v 2.40

(ITAG v 2.4) from SolGenomics (https://solgenomics.net/) and UniProt (https://www.uniprot.org/).

Datamining of publicly available gene expression data was conducted using Tomato Expression Atlas

(http://tea.solgenomics.net/) (Fernandez-Pozo et al., 2017). Functional annotation of mRNA and protein

markers  was  performed based on gene ontology using  Mercator4  v1.0

(https://plabipd.de/portal/mercator4/) (Schwacke et al., 2019).

F. Sample preparation for targeted and untargeted biochemical assays

I Grinding and storage

The samples were stored in scintillation tubes (20ml HDPE Polyvials® V, Zinsser Analytics)
and ground under cryogenic conditions (liquid N») using the Genogrinder 2010 Mixer Mill at 30 Hz for
30 sec. The operation was repeated 2 to 3 times, separated with cooling sessions, depending on the
samples. The grinding was done using three 8 mm diameter steel balls (BI08263 AISI 440C, CIMAP).

The powders were then stored at -80 °C.
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I, Lyophilisation of samples for untargeted metabolomic

The powders are vacuum freeze-dried using the PILOTE COMPACT freeze-dryer (Cryotec) in

successive temperature steps over 5 days according to the following schedule:

Temperature
°C) -20 --20 -10 -10 0 0 10 10 20 20
: 14 14 16 15 18
Duration 20 min 20 min 20 min 20 min 20 min
hours hours hours hours hours

The freeze-dried powders are then stored at -20°C in sealed bags containing Silica gel.

III. Extraction for targeted metabolite assays

For the absolute quantification of glucose, fructose, sucrose, citrate, malate, starch and soluble
protein, 20 (+ 3) mg of fresh ground material was weighed under cryogenic conditions, randomised onto

roboracks (MP32033L, Micronic) and robotically extracted (Star 96 ML 6649, Hamilton).

In the first step, 250 pL of 80% ethanol, containing 10 mM HEPES/KOH buffer pH 6 is added
to the frozen powders. The tubes were then agitated and heated for 20 min at 80 °C and centrifuged for
5 min at 2916 g (Centrifuges 5810R, Eppendorf). The first supernatant (S1) was transferred to a new
Micronic tube and stored at 4 °C protected from light. The second extraction was performed on the pellet
by adding 150 pl of the same solution and incubated at 80 °C for 20 min. After centrifugation, the second
supernatant (S2) was added to S1 and stored at 4 °C protected from light. A third and final extraction is
performed on the pellet by adding 250 pl of 50% EtOH, containing a 10 mM HEPES/KOH buffer
solution pH 6 and the extract is incubated at 80°C for 20 min. After centrifugation, the third supernatant
(S3) was added to the other two (S1 + S2). The supernatants (S1+S2+S3), as well as the pellets, were

stored at -20 °C pending analysis of metabolites, starch and soluble proteins.

1V. Extraction for redox metabolite assays

Extraction of major redox buffer in their both oxidised and reduced form requires performing

two different types of extraction adapted from (Queval and Noctor, 2007; Noctor et al., 2016).
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1.  Acidic extraction

Extraction of total ASC, total GSH, NAD" and NADP" was performed using 0.1 M HCI and
with a ratio of 10 mg of ground fresh weight for 100 pL. The tubes are then shaken vigorously and
centrifuged for 10 min at 12,000 g at 4°C. Then the supernatant will be split into three: (i) directly used
for ASC assay, (ii) heat at 95 °C during 5 min and used for NAD(P)" assays and (iii) a further
neutralisation step is required for GSH. Indeed, 200 pL of supernatant was neutralised using 50 pL of
sodium phosphate buffer pH 5.6 and 15 pL of 1 M NaOH solution, to obtain a final pH of the supernatant
about 4,5-5 (Figure 11.1)

2. Basic extraction

Extraction of NADH and NADPH was performed using 0.1 M NaOH and with a ratio of 10 mg
of ground fresh weight for 100 pL. The tubes are then shaken vigorously and centrifuged for 10 min at
12,000 g at 4°C. The supernatant was then incubated at 95 °C for 5 min to allow the degradation of the

remaining oxidised forms.

V. Extraction for enzymatic assays

Extraction of soluble enzymes was performed using 20 to 50 mg of ground fresh material,
depending on the growth stage, to which approximately 20 mg of insoluble PVPP was added to
neutralise polyphenols. 500 pL of extraction buffer containing 20% glycerol (v/v), 0. 25% BSA (v/v),
1% triton (v/v), 50 mM HEPES/KOH buffer pH 7.5, 10 mM MgCl2, 1 mM ethylenediaminetetraacetic
acid (EDTA), 1 mM egtazic acid (EGTA), 10 mM leupeptin are added to each tube. The tubes are then
shaken vigorously and centrifuged for 10 min at 2916 g (5810R centrifuge, Eppendorf) at 4 °C. The
supernatants are then collected, a portion of undiluted extract is retained and a portion of the supernatants
is diluted 2, 4 or 8 times with extraction buffer to assay enzyme activities. Chemical standards are also
included to check recoveries. Adapted extraction buffer for ascorbate peroxidase (APX) adding 10 mM

sodium L-ascorbate.
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Fresh powder
lAdd 0.1 M HCI and homogenise

Acid extract

Split supernatant

1
( ) ﬂ l 95°C l Neutralise with 0.1 M NaOH
Ascorbate until pH= 4.5-5

|
(2) 3)

NAD(P)" Glutathione

5 min

assay assay

Figure II.1: Schematic view of acidic extraction for biochemical redox profiling.
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VI. Extraction for untargeted L C-MS analysis

Twenty milligrams of each dried sample were weighed into 1.1 mL-micronic tubes (MP32033L,
Micronic, Lelystad, Netherlands) and randomised onto a 96-micronic rack (MPW51001BC6, Micronic,
Lelystad, Netherlands). Each rack also contained at least six empty tubes corresponding to the extraction
blank. Extraction of metabolites was conducted on three biologically replicated pericarp samples (n =
3) using a robotised extraction method developed at Bordeaux Metabolome Facility

(https://metabolome.cgfb.u-bordeaux.fr/en). The robot allowed for pipetting solvents, mixing, cooling

and centrifuging racks of micronics. After decapping the micronics, the extraction started by adding 300
uL of 80% ethanol, 0.1% formic acid (v/v), and including 250 pg/mL methyl vanillate as the internal
standard. Racks were agitated on the robot (30 sec, 500 rpm) then placed for 15 min into a sonicator
containing ice-cold water (Elmasonic S300, Elma, Singen, Germany). Racks were then centrifuged (5
min, 1350 g). The first round of extraction stopped by pipetting 300 uL of the resulting supernatant into
new 1.1 mL-micronic tubes. A second round of extraction was performed with 300 pl the same solvent,
and the resulting pellet was finally washed with another solvent (50% ethanol (v/v)). The micronics-
containing supernatants were kept for filtration and the micronics with the pellets were kept at -20 °C
for further starch and total protein analysis. Filtration was also robotised (Microlab STARIlet, Hamilton,
Bienne, Switzerland) and allowed for the transfer of the supernatants onto a filtration 96-well sterile
clear plate (MSGVS2210, 0.22 pM, Hydrophil. Low Protein Binding Durapore, Millipore, Molsheim,
France) according to the supplier’s instruction. Filtrates were subsequently collected into a new micronic
tube. Finally, quality control (QC) samples were prepared by robotically pipetting 15 pL of each sample
into a single tube (Microlab STARIet, Hamilton, Bienne, Switzerland). Each rack was supplemented
with at least six micronic tubes containing the QC mix. The QC sample was replicated twenty-two times

along the project run.

G. Central metabolites targeted biochemical assays

I Soluble sugar quantification assay

Soluble sugars are measured in a microplate by coupling enzymatic reactions involving
hexokinase (HK), phosphoglucose isomerase (PGI), invertase, and glucose-6-phosphate dehydrogenase
(G6PDH) (Figure 11.2). NADPH production is then measured at 340 nm. 20 pl of the ethanolic extract

is added to 160 pL of the reaction mix.
Reaction mix:

- 150 pL. HEPES/KOH 0.1 M, 3 mM MgCI2, pH 7
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-4.6 pL ATP 100 mM
- 4.6 pL NADP" 45 mM
- 0.8 uL. G6PDH grade 11 700 U.mL™

The plates are then incubated at 37 °C and the appearance of NADPH is measured at 340nm

until a plateau is reached (OD1), then the following enzymes are added in succession:
- 1 pL of HK 900 U.mL™. Then when an OD plateau is reached (OD2),
- 1 pL of PGI 1000 U.mL™. Then when an OD plateau is reached (OD3),
- 1pL of invertase 30 000 U.mL™

The reaction is stopped when the last plateau is reached (OD4). The difference in OD between
two consecutive plateaus (ADO) is calculated. ADO1 = OD2 - OD1 is used to quantify glucose, ADO2
= 0D?2 - OD3 is used to quantify fructose and ADO3 = OD3 - OD4 is used to quantify sucrose.

The amount of the measured metabolite is stoichiometrically proportional to the amount of

NADPH produced in each reaction. Calculations were done following the formula:
NADPH (umol) = ADO340 nm/ (L * €)

Where ¢ is the extinction coefficient of NADPH at 340 nm (¢ = 6.22 L.mol™".cm™) and [ the
optical path length (1 = 2850 cm.L™"). The amount of soluble sugar is finally expressed as pmol of glucose

equivalent per gram of fresh material.

ATP ADP NADP* NADPH

Glucose @» G6P 6PG
Sucrose @ (1) (2)

(3) Fructose &» F6P

ATP ADP

Figure I1.2: Principle of soluble sugars assay.
HK: hexokinase; PGI: phosphoglucoisomerase; G6P: glucose-6-phosphate; G6PDH: G6P
dehydrogenase; F6P: fructose-6-phosphate; 6PG: 6-phosphogluconate.
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I, Total protein quantification assay

The protein assay is performed using the pellets from the ethanolic extraction to which 400 pL
of 0.1 M NaOH has been added. The extracts were then heated for 30 minutes at 95 °C and centrifuged
for 5 minutes at 2500 g. Protein determination was performed on the supernatants. For this purpose,
between 5 pL of extracts are added to 180 pL of ready-to-use Bradford (B6916, Sigma Aldrich). After
a 5-minute incubation at room temperature, the OD is measured at 595 nm. The amount of protein is
calculated from a calibration curve performed with BSA (Bovine Serum Albumin - 0/80/160/230/640
pg.mL™ in NaOH 0.1 M).

III, Malic acid quantification assay

In the presence of NAD", malate is oxidised by MDH to oxaloacetate releasing one molecule of
NADH per malate consumed. The oxaloacetate produced and the glutamate in the reaction mix are then
used by glutamate-oxoglutarate aminotransferase (GOT) to give aspartate and 2-oxoglutarate to shift
the equilibrium of the first reaction (Figure 11.3). Shortly, 30 pL of the ethanolic extract is added to 90

uL of the following reaction mix:
Reaction mix:

- 69 pL Tricine/KOH 0.1 M pH 9

- 10 pL NAD" 30 mM

- 10 pL Glutamate 20 mM

- 1puL GOT 200 U.mL™ diluted in 100 mM Tricine/KOH pH9

A first measurement of the reaction blank is performed at 340 nm, then 1 pl of MDH at 6000
U.mL™" is added to the mixture for the malate measurement. The ADO between the two plates is then

calculated. The same formula as for NADPH is used to calculate the amount of NADH in the well.

NAD*  NADH

Aspartate
Malate OAA

2-oxoglutarate

Figure II.3: Principle of malic acid assay.

MDH: malate dehydrogenase; OAA: oxaloacetate; GOT: glutamate-oxaloacetate transaminase.
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1V. Citric acid guantification assay

Citrate was measured using the Citric Acid Assay Kit (K-CITR, Megazyme) following the

recommendations of the supplier.

V. Starch quantification assay

The starch determination was done on the pellets from the ethanolic extraction and after the
protein determination. The pH of the extracts is neutralised by adding 80 pL of 0.5 M HCI/0.1 M sodium
acetate, pH 4.9.

The starch is then digested by the addition of 100 pL of digestion mix (Amyloglucosidase 140
U.mL™ with a-amylase 100 U.mL™" in 50 mM acetate buffer pH 4.9). The extracts were then incubated
for 16 hours at 37 °C. After centrifugation, the starch determination is performed on the supernatant by

determining the glucose in the same way as described above.

H. Redox metabolites targeted biochemical assays

All the targeted redox assays either metabolic or enzymatic were optimised following (Noctor
etal., 2016). Recovery and dilutions assays have been performed and data for WT samples were assayed
on two independent cultures during 2020 et 2021 years. Resulting metabolite levels were expressed in
- or n- mol.g™ of fresh weight (FW) for independent bioreplicates (2 = 3) and checked for statistical
significance by ANOVA for global variation and by binary comparison of Student’s ¢ test or Tuckey
test (p < 0.05) (see Chapter II, part I1.K.I).

I Ascorbate quantification assay

Ascorbate assay is based on the capacity of ASC to chemically reduce Methylthiazolyldiphenyl-
tetrazolium bromide (MTT) to formazan that absorbs at 570 nm adapted from (White and Kennedy,
1985) (Figure 11.4). Briefly, 20 pL of acid extract was added in buffer containing 95 pL. 0.2 M
Hepes/KOH pH 7.5, likewise, control samples are treated with 10 pL of ascorbate oxidase 100 U.mL™.
After 10 min of room temperature incubation, 15 pL of determination mix containing 5 pL of 10 mM
PES and 10 pL of 10 mM MTT (diluted in 0.2 M Na2HPO4, 0.2 M Citric acid, 2 mM EDTA and 3%
(v/v) Triton X-100, pH 3.5). Then the optical density at 570 nm was recorded until it stabilises.
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Concomitantly, a standard curve using a chemical standard of sodium L-ascorbate was performed

ranging from 0 to 400 pM.

Besides, the same assay with a supplemental step, 20 pL. of 5 mM dithiothreitol (DTT) treatment
followed by 10 min incubation at room temperature and then 10 pl of 0.5% NEM was performed to
reduce all the ASC present in the extract and thus allow the determination of total ASC content (Figure

11.4). The difference between total and reduced ascorbate assays allows determining of the ASC redox

state.
A I
DHA PES MTT,, | DHA H,0 PES MTT,,
|
Reduced I @
AsC ! |
ASC PES MTT., | ASC 0, PES MTT..,
|
B
DHA DHA PES MTT,,
Total DTT
ASC
ASC PES MTT..,

Figure II..4: Principle of ASC assay. Ascorbate oxidase (AOX) is used to consume reduced ASC and
allow to measure the background signal. ASC: ascorbate; DHA: dehydroascorbate; DTT:
dithiothreitol.

II. Glutathione quantification assay

Glutathione assay relies on the GR-dependent reduction of 5,5-dithiobis(2-nitro-benzoic acid)
(DTNB, Ellman’s reagent), monitored at 412 nm adapted from (Queval and Noctor, 2007) (Figure I1.5).
Without pre-treatment of extracts, the method measures total glutathione. The specific measurement of
GSSG was achieved by pre-treatment of 200 pL of neutralised extract with 4 pL of 2-vinylpyridine
(VPD) resulting in free GSH sequestration (Figure I1.5). Then, treated extract was incubated for 30 min
at room temperature and sequentially centrifuged 2 times at 12,000 g for 15 min at 4 °C to precipitate
VPD. Finally, the treated supernatant was assayed as for total glutathione but using a standard curve

based on GSSG, ranging from 0 to 50 pM.
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To measure total glutathione, 10 pL of neutralized extract was added to 0.1 ml of 0.2 M
NaH2POy, pH 7.5, 10 mM EDTA,; 10 pl of 10 mM NADPH; 10 pl of 12 mM DTNB; and 60 pl of water.
The reaction was started by the addition of 10 pl GR at 20 U.mL™" diluted in 0.2 M NaH2PO,, pH 7.5,
10 mM EDTA. After shaking, the increase in optical density at 412 nm was monitored for 5 min.
Standards of reduced GSH, ranging from 0 to 100 pM, were run concurrently in the same plates as

triplicate assays to allow calibration of the assay.

A NADP* GSSG 2-N-5-TBA
Total @
GSH
NADPH GSH DTNB
B NADP* 2-N-5-TBA

GSSG
NADPH GSH DTNB

VPD  GSH-VPD

Figure I1.5: Principle of GSH assay. Vinylpyridine (VPD) is used to sequestrate free GSH prior the

assay inducing a specific signal from GSSG. GR: glutathione reductase

III, Pyridine nucleotides quantification assay

Total cellular soluble pools of NAD®, NADH, NADP" and NADPH were measured from fruit
pericarps of nine developmental stages of tomato fruit according to a coupled enzyme assay adapted
from (Pétriacq et al., 2012) using either alcohol dehydrogenase (ADH) (Figure I1..6) or glucose-6-
phosphate dehydrogenase (G6PDH) (Figure 11.6). Briefly, 5 to 10 pL of extract is added to the same
volume of neutralisation solution (0.1 M NaOH or 0.1 M HCI for acid or basic extract, respectively),
then 20 pL of 0.2 M Tricine/KOH buffer pH 9, 10 mM MgCl,, 4 pL of 200 mM EDTA, 10 pL of 10
mM MTT, 5 pL of 4 mM PES and (2 pL 50% EtOH + 1 pL. ADH at 2000 U.mL™) or (2 pL 250 mM
G6P + 1 pL 500 U.mL™ G6PDH) for NAD(H) or NADP(H), respectively. Optical density was recorded
at 570 nm before and after the addition of enzymes for a few minutes. Meanwhile, standard solutions of

targeted nucleotide, ranging from 0 to 5 1M, were added to the plate as a calibration curve.

In chapter I, microplate measurements of oxidised NAD" and NADP" were confirmed from
ethanolic extracts using ion pair liquid chromatography coupled to mass spectrometry (LCMS)

technique described previously (Arrivault et al., 2009). Volumes of cytosol and all organelles, except
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vacuole, were used to expressed metabolite pools as cellular concentrations by dividing pyridine

nucleotide pools by the volume corresponding to each growth stage, as previously described (Beauvoit

et al., 2014).
EtOH i E NAD* X PES X MTT,,
Ethanal NADH PES MTT, .4
G6P i i NADP*X PES X MTT,,
6PG NADPH PES MTT, .4

Figure I1.6: Principle of NAD(H) and NADP(H) assays. ADH: alcool dehydrogenase; EtOH:
ethanol. G6P: glucose-6-phosphate; GGPDH: G6P dehydrogenase; 6PG: 6-phosphogluconate.

1V. H>,O> quantification assay

H,0; assay was adapted from a previously described assay in tomato fruits and has been selected
for this study due to its non-interference by ASC in tomato as shown by (Junglee et al., 2014). This
colorimetric assay is based on a one-step buffer (combining extraction and reaction) to overcome
interferences from soluble antioxidants, especially ascorbate, and color background. This assay is based
on the potassium iodide (KI) oxidation by hydrogen peroxide, thereby, inducing the formation of

triiodide (I3") from iodide ions (I') resulting in an increase of absorbance at 350 nm (Figure 11.7).

2 |+ 2H* H,0, 1,

Figure I1.7: Principle of H,0, assay.

Shortly, 10 to 100 mg, depending on the growth stage, of ground fresh material was directly
homogenised with 700 pL of a solution containing 175 pL of TCA (0.1%; w/v), 350 pL of 1 M KI and
175 pL of 10 mM phosphate buffer pH 8 at 4 °C for 10 min and protected from light. Meanwhile, a
second sample aliquot was treated in the same way by replacing KI with H,O as a control sample. Next,
the homogenate was centrifuged at 12.000 g for 15 min at 4 °C. Next, 150 pL of supernatant was placed

in microplate wells and optical density was recorded until it stabilises (about 20 min). Concomitantly, a
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standard curve of H,O, solution was prepared in 0.1% TCA, ranging from 0 to 100 pM, for calibration

of the assay.

V. Trolox antioxidant capacity assay (TEAC)

Trolox equivalent antioxidant capacity (TEAC) method, allow the determination of the total
antioxidant activity of an extract by quantifying its capacity to inhibit the ABTS*" radical compared to
a reference antioxidant: Trolox® (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), whose
cyclic molecular structure is similar to that of vitamin E (a-tocopherol). The cation radical is obtained

by contacting ABTS with a peroxidation enzyme in the presence of H>O,, or an oxidant.

The ABTS®" radical, in contact with an H® donor, leads to ABTSH*" and to the decolourisation
at 734 nm of the solution. This method was adapted from (Fellegrini et al., 1999; Marc et al., 2004;
Scalzo et al., 2005) and was applied to ethanolic extract thus allowing the detection of the total soluble

antioxidant capacity only (Figure 11.8).

Trolox or Oxidised
MnO antioxidant antioxidant
ABTS === o» ABTS* === === —Sm——m »> ABTS

Figure I1.8: Principle of TEAC assay.

Briefly, 10 pL of the ethanolic extract is added to 150 pL. of ABTS*" solution and the optical
density at 740 nm is recorded until it became stable. The ABTS*" solution was previously prepared by
mixing 1 g of ABTS, 6 g of manganese oxide and 250 mL of H.O which was protected from light and
agitated overnight. Then, the solution is filtered through a 22 pM filter and kept at 4 °C up to 6 months.
Finally, a standard curve of TROLOX ® was prepared in absolute ethanol ranging from 0 to 1 mM.

I. Targeted enzymatic capacity assays

As for metabolic assays, assays have been optimised by checking recoveries and dilutions and
data for WT samples were assayed on two independent cultures during 2020 et 2021 years. Enzyme
activities were assayed using a robotised platform at HiT-Me Facility (MetaboHUB-Bordeaux)

http://metabolome.cgfb.u-bordeaux.fr/en). Resulting enzymatic capacities were expressed in p- or n-

mol.g™ of fresh weight (FW) per minute, for independent bioreplicates (7 =3) and checked for statistical
significance by ANOVA for global variation and by binary comparison of Student’s ¢ test or Tuckey
test (p < 0.05), as described below (see Chapter II, part [1.IN.1).
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I Enzymatic activity of MDHAR

Monodehydroascorbate reductase activity is measured by direct colorimetric assay by
determining the rate of oxidation of NADH to NAD". The assay is coupled to ascorbate using ascorbate
oxidase to provide the substrate monodehydroascorbate (Figure 11.9), and was adapted from (Dalton et

al., 1986; Pritchard et al., 2000).

NADH NAD*

H,O MDHA ASC

O, ASC
Figure I1.9: Principle of MDHAR assay.
In brief, 15 pL of extract is added to 85 pL of 50 mM Hepes/KOH pH 7.5, 0.5 U.mL™
ascorbate oxidase, 0.5 mM NADH and 1.5 mM ASC. Control reaction was concomitantly performed in

the same conditions but in absence of ASC. NADH consumption was monitored at 340 nm and its

content was calculated using the same formula used for soluble sugar assays.

II, Enzymatic activity of DHAR

Dehydroascorbate oxidase activity is measured by direct monitoring of the rate of NADPH
oxidation by Glutathione reductase (GR) at 340 nm. DHAR will transform GSH into GSSG that will
allow NADPH oxidation by GR (Figure 11.10).

NADP* GSSG ASC
NADPH GSH DHA

Figure I1.10: Principle of DHAR assay.

Concisely, 20 L of extract was added into 90 pL of 50 mM Hepes/KOH pH 7.5, 5 mM EDTA,
0.5 mM NAPDH and 1 U.mL™" of GR. The reaction was initiated by adding 10 pL of either 1 mM DHA
or H>O in the sample and blank well, respectively. Then, the optical density was recorded at 340 nm for

10 min. NADPH consumption was calculated with the same formula used for soluble sugar assays.

94



Chapter II. Materials and Methods — Metabolic analyses

III, Enzymatic activity of GR

Glutathione reductase activity is measured by direct monitoring of the rate of reduction of

oxidized glutathione by NADPH oxidation adapted from (Polle et al., 1990; Pritchard et al., 2000).

In short, 10 pL of extract is added to 90 pL of reaction mix containing 50 mM Hepes/KOH pH
7.5, 0.5mM EDTA, 0.5 mM NADPH and 0.25 mM of GSSG. Control reaction was concomitantly
performed in the same conditions but in absence of GSSG. Then, the measure of change in optical
density at 340 nm was recorded during 5Smin and NADH consumption was calculated with the same

formula used for soluble sugar assays.

1V. Enzymatic activity of APX

Ascorbate peroxidase activity was measured by direct measurement of the rate of oxidation of
ASC to DHA by H>0,. The change in absorbance was monitored at 290 nm using UV-spectrometer
(SAFAS XENIUS XML) according to (Asada, 1984).

Succinctly, 10 to 30 pL of the enzymatic extract was added in 90 pL of 80 mM Hepes/KOH pH
7.5, 0.5 mM ASC. Besides, blank wells and ascorbate standards were also added within the plate. The
reaction was started by the addition of 5 pL. of 100 mM H,0O- and absorbance was recorded at 290 nm
for 5 min. ASC content was calculated using the same formula as for NADH within sugar assay using

an extinction coefficient of ASC at 290 nm (¢ = 2.8 L.mol'.cm™)

V. Enzymatic activity of SOD

Superoxide dismutase activity was measured by monitoring the inhibition of MTT oxidation
compared to a purified commercial enzyme. This assay used the xanthine oxidase as O,* generator and
was adapted from (Peskin and Winterbourn, 2017). In addition, catalase was added in the reaction mix

to process produced H,O, and thus allow a specific reaction between O,* and MTT.

Briefly, 10 uL of extract was added to 130 pl of reaction mix containing 50 mM Tricine/KOH
pH 8, 10 mM MgCl,, 20 pg/mL catalase, 0.5 mM MTT and 0.1 mM xanthine. Next, 10 pL of 0.2 U.mL"
! xanthine oxidase and 5 pL of PES 4 mM were added to each well to start the reaction. Control reaction
was concomitantly performed in the same conditions but in absence of xanthine. Finally, absorbance
was recorded at 570 nm and calibrated using a standard curve of purified SOD ranging from 0 to 8 units

per well.
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VI. Enzymatic activity of CAT

Catalase activity is measured by determining the amount of H,O, remaining after a known
incubation period adapted from (Summermatter et al., 1995). The remaining H»O, is measured by the
oxidation of potassium iodide that results in a yellowish colorimetric signal (340 nm) as described above

in H>O, assay.

Shortly, 10 pL of the enzymatic extract was added to 90 pL. of 50 mM Hepes/KOH pH 7.5, 0.25
M NaCl. Control well was performed by pre-treating the extract with 0.5 M HCI for 10 min and then
neutralised using 0.5 M NaOH to obtain the non-enzymatic H.O, processing capacity of the extract.
Simultaneously 0.5 M NaCl was added to other wells to maintain the ion concentrations. Then 30 pL
of 100 mM H>0, was added to each well and the reaction was stopped after 1 and 3 min by adding 50
pL of 0.5 M HCIL. Finally, 10 pL of the reaction well was transferred to a new plate containing 100 pL
of determination mix composed of 50 pL. 1M KI, 25 pL. TCA 0.1% and 25 pL. 50 mM Hepes/KOH pH
7.5. The optical density was monitored at 340 nm until it become stable simultaneously with a H>O;

standard curve as described above.

J. Untargeted metabolic assay

I Data collection

Untargeted metabolic profiling by UHPLC-LTQ-Orbitrap mass spectrometry (LCMS) was
performed using an Ultimate 3000 ultra-high-pressure liquid chromatography (UHPLC) system coupled
to an LTQ-Orbitrap Elite mass spectrometer interfaced with an electrospray (ESI) ionisation source
(ThermoScientific, Bremen, Germany). The system was controlled by Thermo XCalibur v.3.0.63
software. Chromatographic separation was achieved at a flow rate of 350 pL.min" using a GEMINI
UHPLC C18 column (150 x 2 mm, 3 pm, Le Pecq, Phenomenex, France) coupled to a C18
SecurityGuard GEMINI pre-column (4 X 2 mm, 3 pm, Le Pecq, Phenomenex, France). The column was
maintained at 35 °C and the injection volume was 5 pL. The mobile phase consisted of solvent (1)
(0.05% (v/v) formic acid in water) and solvent (2) (acetonitrile) with the following gradient: 0—0.5 min
3% (2), 0.5-1 min 3% (2), 1-9 min 50% (2), 9-13 min 100% (2), 1314 min 100% (2), 14-14.5 min
3% (2), 14.5-18 min 3% (2). Ionisation of samples was performed in negative mode with the following
parameters: ESI- (Heater temp: 300 C, Sheath Gas Flow Rate: 45 (arb), Aux Gas Flow Rate: 15 (arb),
Sweep Gas Flow Rate: 10 (arb), I Spray Voltage: 2.5 kV, Capillary Temp: 300 C, S-Lens RF Level:
60%). MS full scan detection of ions was operated by FTMS (50—1500 Da) at a resolution of 240 000.
Prior to analyses, the LTQ-Orbitrap was calibrated by infusing a solution of the calibration dependent

of the ionisation mode (Pierce© ESI Negative Ion Calibration Solution (ref: 88324). MS1 full scan
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detection of ions was performed by FTMS (50 - 1500 Da) at a resolution of 240k at 200 m/z. Twenty-
two QC samples and forty blank extracts were injected to correct for mass spectrometer signal drift, and
to filter out variables detected in blanks, respectively. MS2 Data Dependent Analysis (DDA) was also
performed on QC sample to generate fragmentation information for further annotation with the
following parameters: FTMS (50 - 1500 Da) at a resolution of 60k at 200 m/z activation type, CID;

isolation width, 1 Da; normalised collision energy, 35 eV; activation Q, 0.250; activation time, 10 ms).

II. Data processing

Raw LCMS data were processed using MS-DIAL v 4.70 (Tsugawa et al., 2015), yielding 15
251 RT-m/z features. The precise parameter report is available as Annex 1. MS-DIAL parameters were
as follows: MS1, tolerance, 0.01 Da; MS2 tolerance, 0.025 Da; retention time begin, 0 min; retention
time end, 18 min; minimum peak height, 10000; mass slice width, 0.1 Da; smoothing filter, Savitzky-
Golay; smoothing level, 4 scans; minimum peak width, 5 scans; sigma window value, 0.5. After data-
cleaning (blank check, SN > 10, CV QC < 30%), 3742 variables were retained for further chemometrics.
MS-DIAL annotation of metabolic features was performed using the online library MSMS-Public-Neg-
VS15.msp (36,848 records) with the following parameters: retention time tolerance, 100 min; accurate
mass tolerance (MS1), 0.01 Da; accurate mass tolerance (MS2), 0.05 Da; identification score cut off,
80%. Putative annotation of differentially expressed metabolites resulted from MS-DIAL screening of
the MS1 detected exact HR m/z and MS2 fragmentation patterns against multiple online databases

(http://prime.psc.riken.jp/compms/msdial/main.html#MSP) (Tsugawa et al., 2015).

Then, metabolic features were filtered based on their putative ontology (i.e. MS levels 2 and 3
and all the class associated with antioxidant activity (i.e. phenolics, flavonoids, terpenoids, thiols,

vitamins and their derivatives) represented 733 annotated antioxidant metabolic features.
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K. Enzyme based kinetic modelling

I, Computer modelling

The model was built from the mass balance equations of the ASC-GSH cycle. The general form

of the differential equations used is:

n
dC; z Vol;
-_ = Tll'] . 'U] P
dt = p

where C; is the concentration of the i species (in pmol.gFW™), n; j, the stoichiometry of the i™ species
in the reaction j, Vol;, the volume fraction of the compartment (in ML compartment.MLssue ) Where the j™®
reaction occurs, p, the tissue density (in gFW.mLissue ), and v, the rate of the j™ reaction (mM.min™)
involved in the consumption and production of the i species. The reaction rate equations, taking into
account the measured maximal velocity (Vmax) of the enzymes, the volume space where they are located,
and their kinetic parameters are listed in Chapter V. The set of differential equations listed in Annex 2
was solved by the Copasy 4.34 software (Hoops et al., 2006) to satisfy the steady-state condition of
metabolic intermediates, i.e, dC/dt close to zero. Eight Copasi files corresponding to the eight

developmental stages are available as Supplemental Data Sets 1 to 8.

The tissue contents of ASC, GSH and H,O: at steady state were calculated by taking into account
the local concentrations of the metabolites given by the model, the compartment volume, and the tissue

density, according to the following equation:

[X]vac- Vuac + [X]cyt- cht + [X]apo : Vapo
p

Xtotal =

where X,,q; is the tissue content of the metabolite X (in pmol.gFW™) and the subscripts vac,
cyt, and aporepresent the volume fraction (in mL.mLswe ') and the steady-state concentrations (in mM)

for the cytosol, vacuole and apoplast respectively, and p, the tissue density (in gfFW.mL™).

II. Model parameter optimization

Parameter optimization was performed using a random search algorithm and by minimizing an
objective score, i.e., the sum of the relative squared residuals weighted, according to the following

equation:
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n
Xi cal — Xi exp
Obj = ) (FLt Loy
= Xi_exp

where Obj is the objective score, n, the total number of variables, X; .4;, the calculated value,
and X; ¢yxp, the experimental value of a particular variable X; (i.e. metabolite content, redox ratio). Sets
of initial parameter values were randomly generated to avoid finding only local minima. At each
developmental stage, the whole iterative process was repeated using the Curta cluster housed by
Meésocentre de Calcul Intensif Aquitain (MCIA) and randomised initial conditions. The 100 best-scoring
parameter sets were kept for statistical analysis, at the end of which the median values (Baker et al.,

2010) were used to parameter the model to calculate steady state fluxes, concentrations and to perform

sensitivity analysis.

III. Metabolic control analysis

According to the formalism of MCA (Kacser and Burns, 1973; Heinrich and Rapoport, 1974),

flux (CJ;',) and concentration (C‘fj ") control coefficients by a given enzyme are defined as the scaled

partial derivative of the simulated values with respect to the enzyme activity:

Vi 9lnV;
and
CXi _ 0 lIle'
Vi~ oV,
Where V; is the activity of the targeted enzyme j; J;, a given flux; and X;, a given metabolite
concentration.

Coefficients were calculated using the implemented function in Copasy 4.34 and a delta factor
of 0.001 for fixed parameters. Then, the control exerted by any enzyme j on the total ascorbate content

was calculated as follows:

C(,“]_SC . [ASC] + C{,JjHA. [DHA] + C%DHA. [MDHA]

CASC_total _
Vi [ASC] + [DHA] + [MDHA]
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1V. Statistics and mathematical regressions

Data were cube root transformed and scaled using pareto scaling before hierarchical clustering

analysis and heat map visualisation using Metaboanalyst (https://www.metaboanalyst.ca/) using Pearson

correlation-based distance measure and the Ward linkage clustering method (Xia et al., 2009).

Linear and nonlinear regressions of the experimental data were performed using the R shiny

interface EasyReg (http://sylvainprigent.fr:3838/easyReg/) using basic and nlstools R packages.

Right-tailed Chi square test for goodness of fit

A Chi square goodness of fit test was performed to evaluate the best model that accommodates

the experimental measurements as described in ... The Chi square is of the form:

m
2 _ Z Z (X; ccal — X; cexp)?
X : X; rexp

n
1=1t=1

where Xj.cal refers to the tissue content of the metabolite 7 calculated by the model at the
developmental stage ¢ and X;.exp, the corresponding measurements. The Chi square value is then used
to calculate a right tail p-value and knowing the degree of freedom df of the dataset. In our case, dfis
related to the number of measured variables 77 and to the number of developmental stages m, such as df

=(n-1) x (m-1).

In the context of our modelling approach, a non-significant p-value (p > 0.05) means that there
are no statistically significant differences between measured and simulated values throughout

development.

L. Generalised multilinear modelling (GLM)

General multilinear models were used to (i) explore the correlation between metabolic variables
and flux predictions and (ii) extract the best predictors of the ASC-GSH fluxes while preserving the
developmental context. More specifically, we here deployed GLMs based on the normal distribution of
the data using the glmnet package available in R (Friedman et al., 2010). Stratified sampling was used
to define the training set (70%) and the testing set (20%) which were used to establish the model equation
and the validation set (10%) to test the predictive capacity of the model. Variable selection was ensured
via lasso, ridge and elastic net penalisation systems where a thousand penalty values were tested between
0 and 1 (the closer the penalty value is to 1, the smaller the number of variables used in the models).
The final equation corresponded to the most parsimonious model ensuring the lowest mean square error

(MSE) within one standard error of the minimal MSE.
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In total, 500 models were developed to cover the multiple sampling possibilities arising from stratified
partitioning. Whilst internal cross-validations were performed to establish the equation and limit the
risks of overfitting, 500 permuted datasets were created to test the likelihood of spurious predictions.
Besides, statistical validation was complemented with biological validation. In short, the equation of the
model (as well as variable selection) was established using the first biological dataset and then applied

to an independent dataset to validate the predictive capacity of the best metabolic markers.

M. Statistical analyses

I, Univariate analyses

Metabolic and enzymatic data were checked for normality and heteroscedasticity by Shapiro

and Bartlett tests (a = 0.05) using R software (https://www.r-project.org). Then, ANOVA and post-hoc
(Tuckey’s tests) (p < 0.05) were realised using the agricolae package (Mendiburu, 2021) on R software

or directly on MetaboAnalyst v.5.0 (https://www.metaboanalyst.ca/) to identify differences between the

metabolic compounds.

II. Multivariate analyses

Prior to multivariate statistical analyses, metabolic data were pre-processed to normally
distributed data by performing median normalisation, cube-root transformation and Pareto scaling of the
data intensities as described previously (Belouah et al., 2019). Normalised datasets were then used to
construct score plots of Principal Component Analysis (PCA) overview using MetaboAnalyst v 5.0
(http://www.metaboanalyst.ca/), or via the factoextra and FactoMineR packages (Lé et al., 2008;
Kassambara and Mundt, 2020).

Then, hierarchical clustering analysis (HCA) and visualisation through heatmaps were
performed by Pearson’s correlation with complete or Ward clustering linkage using Metaboanalyst or
via the pheatmap and cluster packages in R (Kolde, 2019) using significant features previously

determined by ANOVA (p < 0.05).
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ANALYSES OF THE
NAD(P) METABOLISM
DURING TOMATO
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ABSTRACT

Central metabolism is the engine of plant biomass, supplying fruit growth with building blocks,
energy and biochemical cofactors. Among metabolic cornerstones, nicotinamide adenine dinucleotide
(NAD) is particularly pivotal for electron transfer through reduction-oxidation (redox) reactions, thus
participating in a myriad of biochemical processes. Besides redox functions, NAD is now assumed to
act as an integral regulator of signalling cascades involved in growth and environmental responses.
However, the regulation of NAD metabolism and signalling during fruit development remains poorly

studied and understood.

Here, we benefit from RNAseq and proteomic data obtained from nine growth stages of tomato
fruit (var. Moneymaker) to dissect mRNA and protein profiles that link to NAD metabolism, including
de novo biosynthesis, recycling, utilisation and putative transport. As expected for a cofactor synthesis
pathway, protein profiles failed to detect enzymes involved in NAD synthesis or utilisation, except for
nicotinic acid phosphoribosyltransferase (NaPT) and nicotinamidase (NIC), which suggested that most
NAD metabolic enzymes were poorly represented quantitatively. Further investigations on transcript
data unveiled differential expression patterns during fruit development. Interestingly, among specific
NAD metabolism-related genes, early de novobiosynthetic genes were transcriptionally induced in very
young fruits, in association with NAD kinase, while later stages of fruit growth rather showed an
accumulation of transcripts involved in later stages of de novo synthesis and in NAD recycling, which
agreed with augmented NAD(P) levels. In addition, a more global overview of 119 mRNA and 78
protein significant markers for NAD(P)-dependent enzymes revealed differential patterns during tomato
growth that evidenced clear regulations of primary metabolism, notably with respect to mitochondrial
functions. Overall, we propose that NAD metabolism and signalling are very dynamic in the developing
tomato fruit and that its differential regulation is certainly critical to fuel central metabolism linking to

growth mechanisms.

Keywords: fruit, tomato, NAD, redox, development

104



Chapter III. NAD(P) metabolism during tomato fruit development

Plant metabolism is maintained by universal metabolic cornerstones including pyridine
nucleotides such as nicotinamide adenine dinucleotide (NAD) (Noctor, 2006; Gakiére et al., 2018b).
NAD and its phosphorylated form NADP are ubiquitous electron carriers modulating energy
homeostasis through the transport of electrons within reduction-oxidation (redox) processes
(Geigenberger and Fernie, 2014; Gakiére et al., 2018a). As a result of its capacity to transfer electrons,
NAD(P) is present in the cell as oxidised or reduced forms, NAD(P)" and NAD(P)H respectively, where
NAD(P) refer to as the total pool of NAD(P)" and NAD(P)H. In plant cells, while NAD is mostly found
as oxidised NAD", NADP mostly acts as a reductant (NADPH) (Noctor, 2006; Gakieére et al., 2018b).
For instance, the regeneration of reducing equivalents (NADPH) by the oxidative pentose phosphate
pathway is necessary for the [(-oxidation of fatty acids and for nitrogen assimilation in non-
photosynthetic tissues (Neuhaus and Emes, 2000; Bowsher et al., 2007). Phosphorylation of NAD(H)
to NADP(H) is catalysed via highly conserved NAD" kinases (E.C. 2.7.1.23) and NADH kinases (E.C.
2.7.1.86) playing essential roles in metabolic and redox reactions including photosynthesis performance
and reactive oxygen species (ROS) homeostasis, which are both crucial for plant growth and responses

to stress (Turner et al., 2004; Waller et al., 2010; Li et al., 2014, 2018a).

Plant cells produce NAD" from the amino acid aspartate via a de novo biosynthesis and a
recycling pathway (Figure IT11.1) (Katoh et al., 2006; Gakiere et al., 2018b). As for other nucleotides
that are salvaged, NAD" can be recycled via the activity of nicotinamidases (NIC; E.C. 3.5.1.19) and
nicotinic acid phosphorybosyltransferase (NaPT; E.C. 2.4.2.11) (Figure ITII.1).

While the topology of NAD" synthesis is well documented, the molecular and regulatory details of the
corresponding biochemical pathways remain largely unknown, especially for fruit tissues. Deregulation
of AO, QS and QPT levels in Arabidopsis thaliana leaves has shown that such enzymes are critical in
the control of pyridine nucleotide levels and its derivatives (Schippers et al., 2008; Macho et al., 2012;
Pétriacq et al., 2012, 2016b). Although the physiological role of trigonelline in plants remain unclear,
trigonelline can also contribute, to a lesser extent, to the resynthesis of NAD" and undergoes long-

distance transport in Arabidopsis (Upmeier et al., 1988; Wu et al., 2018).

For instance, research on pyridine nucleotide signalling mostly focuses on photosynthetic tissues,
sometimes roots and seeds (Hunt et al.,, 2007; Hunt and Gray, 2009; Hashida et al., 2013). In
Arabidopsis, changes in NAD(P)" contents drastically alter growth phenotype, as exemplified
particularly for genotypes that are affected for the first three enzymes of de novo biosynthesis (for a
review see (Gakiére et al., 2018a)). Following NAD(H) and NADP(H) levels in Arabidopsis developing
leaves further indicate a continuous accumulation of the cofactors during foliar growth until the pools

drop with flowering (Queval and Noctor, 2007).
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Figure III.1: Basics of nicotinamide adenine dinucleotide (NAD+) metabolism in plant cells.

Biosynthesis and utilisation of pyridine nucleotides. Dot arrows represent transport between the

different cellular organelles. Purple and blue arrows indicate de novo synthesis pathway of NAD+,
and the recycling pathway, respectively. Pink arrows represent steps that are shared by these two
synthesis pathways. Dashed red arrows indicate nicotinate metabolism. Indigo arrows show
NAD(P)H damage and repair, which can be spontaneous or catalised by NAD(P)H-hydrate
dehydratase and epimerase. AO: aspartate oxidase; ATP: adenosine triphosphate; cADPR(P): cyclic
ADP-ribose (phosphate); cETC: chloroplastic electron transport chain; GAPDH: glyceraldehyde-3-
phosphate dehydrogenase; mETC: mitochondrial electron transport chain; NaAD: nicotinic acid
adenine dinucleotide; NADK: NAD kinase; NADP: NAD phosphate; NADPase: NADP
phosphatase; NAD(P)HX: NAD(P)H hydrate; NaMN: nicotinic acid mononucleotide; NaMNAT:
NaMN adenylyltransferase; NADS: NAD synthetase; NaGT: nicotinate N-glucosyltransferase;

NaPT: nicotinate phosphoribosyltransferase; NDT: NAD' transporter; NIC: nicotinamidase; NMT:
nicotinate N-methyltransferase; PARP: poly-ADP-ribose polymerase; PXN: peroxisomal NAD
carrier; QPT: quinolinate phosphoribosyltransferase; QS: quinolinate synthase; ROS: reactive

oxygen species; TCA: tricarboxylic acid cycle. From (Decros et al., 2019b). 106
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Only a handful of studies provides fruit-specific concentrations of NAD(H) and NAD(P)H.
Although previous changes in pyridine nucleotides have been observed between green and red tomato
fruits of MicroTom and Moneymaker cultivars (Centeno et al., 2011; Osorio et al., 2013b), to our
knowledge no developmental fruit series have been analysed so far. Tomato fruit is not only an important
crop that is widely used for human diet but also pivotal for fruit research (Li et al., 2018b). During
tomato fruit development, a medium-scale stoichiometric model suggested that biomass synthesis
required NADPH and higher ATP hydrolysis at the end of cell expansion (Colombié et al., 2015). This
was further associated with a peak of CO; at the end of tomato ripening coinciding with climacteric
respiration of tomato fruit and involved energy dissipation by the mitochondrial alternative oxidase.
This was further confirmed by a more detailed stoichiometric model of the respiratory pathway,
including alternative oxidase and uncoupling proteins (Colombié et al., 2017). In grape berry, reducing
power equivalents (NADH and NADPH) were also associated with major carbon fluxes, thus supporting

a strong link between central metabolism and pyridine nucleotides (Soubeyrand et al., 2018).

In the present work, as a first attempt to clarify the importance of pyridine nucleotides in the
developing fruit, we used a developmental fruit series of nine growth stages of tomato fruit (var.
Moneymaker) and measured pyridine nucleotide pools. We further examined quantitative data for
transcript and protein levels previously obtained by RNAseq and proteomics (Belouah et al., 2019) and
revealed changes in NAD(P) metabolism during fruit development. Our studies show that NAD(P)
metabolism and signalling are very dynamic and crucial to the developing tomato fruit, and link to

central metabolism.

A. Tomato fruit development is associated with changes in NAD(P)pools

Fruit development can be divided into three partially overlapping phases, namely cell division,
cell expansion and ripening (Figure ITI1.2A), which all have their own metabolic specificity (Beauvoit
et al., 2018). As a first attempt to clarify the importance of pyridine nucleotides for fruit growth, we
measured total cellular NAD", NADP", NADH and NADPH pools from nine growth stages of tomato
fruit (var. Moneymaker) (Figure I111.2B). Oxidised pools were also confirmed by LCMS (Supplemental
fig II11.1). Global changes in the pools of these pyridine nucleotides were statistically significant
(ANOVA followed by binary Student’s t tests) and showed higher levels of both NAD(H) and NADP(H)
in the very young fruit, with the highest pools observed at 8 days post anthesis (dpa) for growth stage 1
(GS1) and the lowest for mature green (GS6, 41 dpa) and for red ripe (GS9, 53 dpa) stages of tomato
fruit, respectively. Reduced, oxidised and total content of NAD(H) decreased until the end of cell
division (GS4), then firstly increased during cell expansion (GS5-7) and secondly during ripening (GS8-

9), while maintaining the NAD(H) pool mainly oxidised during fruit development.
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Figure II1.2: Evolution of NAD(P) contents during tomato fruit development. NAD(P) pools were
measured for nine sequential growth stages (GS) of tomato fruit development (A). Shown are bar
plots of NAD(P) contents (7 = 3) (B) which have been normalised to the cytosol and organelles
volumes (C). Top and bottom error bars indicate SEM (Standard Error of the Mean) for the reduced
and oxidised forms, respectively. Statistical significance for total NAD(P) content is indicated by
ANOVA Pvalue. Binary comparisons between conditions are indicated by letters (oxidised form, in

white), capital letters (reduced form, in blue) and symbols (total content, in black), according to
Student’s ttest (p < 0.05). Left panel indicates the concentrations of NAD(P) in nmol. gFW-1 whereas

the right panel indicates the NAD(P) concentrations in pmol.l_l. From (Decros et al., 2019b).
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Since NAD(P) are mostly present in the chloroplasts, peroxisomes, mitochondria and cytosol,
but not in the vacuole (Donaldson, 1982; Gakiére et al., 2018b), we could rule out the dilution effect due
to the cell expansion (Beauvoit et al., 2014) and express NAD(P) contents as concentrations (Figure
[11.2C). Differences in concentrations, except for NADH, were statistically significant during fruit
growth (ANOVA followed by binary Student’s t tests) and clearly indicated two distinct waves of
accumulation for NAD(H) (Z.e. GS5-7 and GS7-9). Simultaneously, NADP(H) only increased during
the beginning of development (from GS1 to GS4) as a result of a higher NADPH concentration (Figure

[T1.2C). Hence, this suggests a fine-tuned NAD(P) homeostasis during tomato fruit development.

B. Transcriptional changes of NAD biosynthesis and metabolism show distinct

patterns during tomato fruit growth

Next, in order to substantiate the changes in NAD(P), we examined transcript and protein
profiles during tomato fruit development that were obtained from RNAseq and proteomics techniques
(Belouah et al., 2019). Raw data (22,877 transcript and 2,375 protein features) were normalised as
described previously (median-centred, cube root-transformed and Pareto scaled) (Belouah et al., 2019).
We first focused on genes that were associated with NAD" biosynthesis and NAD(P)H damage and
repair (Figure I11.1), which included 15 genes (Figure I11.3A). Clustering analysis of mRNA profiles
(Pearson’s correlation and complete clustering, Figure 111.3A) revealed two main statistically significant
clusters (ANOVA with Bonferroni correction, p < 0.01 are listed in Supplemental table 11.1): one

associated with the young fruit (stages 1-4) and another with the ripening fruit (stages 5-9).

For the first cluster, early steps of de novo biosynthesis of NAD" and NADP® was
transcriptionally up regulated in the young fruit, including AO, QS and QPT, and NADK1 and NADK?2
(Figure I11.3A). Interestingly, these enzymes are chloroplastic in Arabidopsis (Katoh et al., 2006), and
assumed to be critical for NAD" and NADP" homeostasis, respectively (Pétriacq et al., 2012; Gakiére
et al., 2018a; Li et al., 2018a). For the second cluster, later stages of fruit growth coincided with the up
regulation of the expression of genes involved in final steps of NAD" biosynthesis (NaMNAT and
NADS), NAD" recycling (NIC and NaPT) and NADP(H) production (NADK3 and NADK4) (Figure
[11.3A). This suggests an accumulation of NAD" precursors during the beginning of development (GS1-
4) followed by an active synthesis and recycling of NAD(P)" (GS5-9) concurrent with the increased
NAD(H) content. Besides, NAD(P)XH epimerase and dehydratase genes are expressed all along fruit
development suggesting a continuous NAD(P)H damage and repair (Figure [I1.3A). Remarkably,
protein profiles failed to include enzymes involved in NAD" synthesis, except for NaPT and NIC that

followed mRINA profiles with higher levels during ripening (Supplemental fig I11.2).
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This might suggest that most NAD metabolism enzymes were poorly represented quantitatively
(i.e. below threshold of protein detection). To test this hypothesis, we checked the absolute expression
levels of genes involved in NAD" synthesis as compared to other genes of central cellular functions
(Supplemental fig I11.3). Raw data of mRNA profiles evidenced very low expression values for AO in
tomato fruit, as compared to NIC and NaPT, and more remarkably, as compared to actin- and enolase-
related genes (Supplemental fig 1T11.3A). Complementarily, datamining of expression profiles from

published datasets (http:/tea.solgenomics.net/; (Fernandez-Pozo et al., 2017)) confirmed that the NAD"

biosynthesis gene AO was expressed at low levels in fruit tissues as compared to other genes

(Supplemental fig I11.3B), which can explain the absence of proteomic hits in our dataset.

Furthermore, we analysed transcriptional changes of NAD" catabolism involved in signalling
and synthesis of nicotinate derivatives including 13 genes of PARPs, SIRs, NDXs, NaGTs, and NMTs
(Figure II1.3B) (Gakiére et al., 2018b). Clustering analysis (Pearson’s correlation with complete
clustering) unveiled three main significant clusters (ANOVA with Bonferroni correction, p < 0.01 are
listed in Supplemental table I1.1). The young fruit correlated with an up-regulation of genes associated
with NaGT, SIR and NDX functions, while the ripening fruit was mostly associated with higher

expression of genes associated with NMT, NaMe esterase and PARP (Figure I11.3B).

Finally, we evaluated transcriptional changes of transporter genes that linked to putative pyridine
nucleotide transport (Figure I11.3C). Transcript levels observed during early fruit development (GS 1-4)
correlated with the expression of NDT-like transporters suggesting an active transport of NAD(P) and
its derivatives across the chloroplastic and mitochondrial membranes. Cell elongation (GS 4-6) and
ripening (GS 7-9) phases were associated with higher expression of both PXN and NDT-like

transporters, thus supporting the idea of an active NAD(P) transport during fruit development.

Altogether, RNAseq data demonstrate a profound reprogramming of NAD(P) metabolism
during fruit growth, more specifically towards a stimulation of the synthesis of NAD" precursors (AO,
QS and QPT) in chloroplast of young fruits, which was concurrent with the expression of NDT-like
transporters. This was followed at later stages of fruit development by an active synthesis (NaMNAT
and NADS) and recycling (NIC and NaPT) (Figure I11.3), concomitantly with increased NAD(H) pools

and concentrations (Figure 111.2).
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C. Transcriptional changes of genes associated with NAD(P)-dependent

enzymes during tomato fruit growth

To get a more global overview of the metabolic functions relating to pyridine nucleotides during
tomato fruit growth, we analysed the expression profiles of the genes that we could associate to
NAD/P(H)-dependent functions. A selection of 442 NAD(P)-dependent features was subjected to
Principal Component Analysis (PCA) to display the global impact of growth stages on transcriptional
changes for those features (Figure 111.4A). PCA explained 70% of the maximal variation in the mRNA
profiles, where PC1 (59.6%) separated stages 1 to 6 from stages 7 to 9. This suggests a differential
reprogramming at mRNA level of NAD(P)-dependent between cell division and expansion (GS1-6),
and fruit ripening (GS7-9). Next, we filtered the same features for statistical significance (ANOVA with
Bonferroni correction, p < 0.01 are listed in Supplemental table 11.2), which provided 119 mRNA
markers that were retained for subsequent clustering analysis (Pearson’s correlation, complete

clustering) (Figure [11.4B).

Tomato fruit development was associated with four clusters distributed along the different
growth stages, for which functional classification was performed based on gene ontology using

Mercator4 v1.0 (https://plabipd.de/portal/mercator4; (Schwacke et al., 2019). This led to the

identification of 13 different functional categories (Figure I11.4C) in which mitochondrial activity (18%
of the total significant features) is the largest category represented for all growth stages. Cluster 1
corresponded to the beginning of tomato fruit development (GS 1 to 5) and contained 19 genes mainly
involved in energy supply for central metabolism, 7.e. photosynthesis (21%) and mitochondrial activity
(5%). Cluster 1 further harbours several genes linked to central metabolism such as lipid-, sugar-, lignin-
, and cell wall-related metabolisms (11, 10, 16 and 5%, respectively). Cluster 2 covered cell division
and cell expansion stages of fruit growth and contained 36 genes mostly related to central metabolism
(i.e. cell wall, sugar, lipid, amino acid metabolism (28, 8, 8, 5%, respectively)) that are essential to cell

proliferation by providing building blocks (Figure I11.4C).

In addition, cluster 2 presented a substantial proportion (25%) of unknown functions or of genes
involved in specialised metabolism (17 and 8%, respectively). Cluster 3 was represented only by 6 genes
which were expressed from GS4 to GS6 (i.e. the end of fruit expansion) and that were annotated to
pigment synthesis, lipid, amino acid and cell wall metabolisms (17% each) (Figure 111.4C). Cluster 4
contained the larger number of significant mMRNA markers (58) that coded for genes mostly involved in
mitochondrial activity (34%), but also the maintenance of redox homeostasis, lipid, amino acid,

secondary pathways (9% each) and protein degradation (2%).
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Figure II1.4: Expression of genes for NAD(P)-dependent enzymes reveals distinct clusters during

tomato fruit growth. Normalised transcript data of 442 transcript features of NAD(P)-dependent

enzyme were visualised (A) for global impact of the growth stage of tomato fruit by PCA (with

maximal variation given into brackets). Same features were then filtered (ANOVA with Bonferroni

correction, p < 0.07) and subjected to clustering analysis (B). Shown are Pearson’s correlations after

complete clustering of 119 significant mRNA profiles. Four clusters were identified and analysed for

functional classification based on their gene ontology annotations (C). GS: Growth Stage. From

(Decros et al., 2019b).
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Overall, gene expression for NAD(P)-dependent functions during fruit growth emphasises the
importance of pyridine nucleotides as cornerstones of central metabolism, which provides building
blocks and energy for development. Importantly, NAD(P)-related mitochondrial functions seem crucial

for fruit growth, more specifically at the onset of ripening.

D. Protein profiles for NAD(P)-dependent enzymes during tomato fruit growth

In addition to mRNA profiles, we further examined protein profiles for NAD(P)-dependent
enzymes through global analysis by PCA of 128 protein features from normalised data, and by clustering
of 78 significant protein markers (ANOVA with Bonferroni correction, p < 0.01 are listed in
Supplemental table I1.3. In contrast to transcript signatures (Figure I[I11.4A), PCA better segregated the
protein patterns according to GS1, GS2 and GS3, then merged GS4 to GS6, separated GS7 and gathered
GS8 and GS9 (Figure TI1.5A). This suggests that proteomics of NAD(P)-dependent enzymes is
particularly sensitive to fruit growth. Complete clustering analysis by Pearson’s correlation resulted in
three main clusters (Figure I11.5B) for which functional annotation of protein sequences was performed
based on gene ontology using Mercator4 v1.0 leading to the identification of 12 different functional
categories (Figure 111.5C) in which mitochondrial activity (19% of the total significant markers) was the
largest category represented across all growth stages. To confirm the proteomic output, we measured
enzyme activities of isocitrate dehydrogenase (NADP-dependent) and malate dehydrogenase (NAD"-
dependent) (Supplemental fig I11.4), which showed similar profile during fruit growth as compared to

normalised protein concentration.

Firstly, cluster 1 is comprised of 27 NAD(P)-dependent proteins that accumulated mainly during
the beginning of tomato fruit development (GS1-4) and during the ripening phases (GS7-9) for some of
them (Figure 5C). This cluster could be divided into 3 segments, the first one contained enzymes
involved in central metabolism (56%) such as cell wall-, sugar-, lipid-, nitrogen-related metabolism and
pentose phosphate pathway (15, 15, 11, 11 and 4%, respectively). The second portion is devoted to the
energy production via the mitochondrial activity, constituting 15% of this cluster. The remaining part is
represented by enzymes involved in specialised metabolism or unknown functions (15 and 15%,

respectively) (Figure 111.5C).

Secondly, cluster 2 included 28 proteins, which coincided with the fruit enlargement (GS1-6) within
half of them that are stimulated during cell expansion (GS4-GS6). The most represented enzymes in this
cluster are those involved in secondary pathways (29%) and mitochondrial functions (18%)

(Figure II1.5C).
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Figure I11.5: Protein profiles for NAD(P)-dependent enzymes unveil distinct clusters during tomato
fruit growth. Normalised protein data 127 NAD(P)-dependent enzymes were visualised (A) for
global impact of the growth stage of tomato fruit by PCA (with maximal variation given into
brackets). Same features were then filtered (ANOVA with Bonferroni correction, p < 0.07) and
subjected to clustering analysis (B). Shown are Pearson’s correlations after complete clustering of
78 significant protein profiles. Four clusters were identified and analysed for functional classification

based on their gene ontology annotations (C). GS: Growth Stage. From (Decros et al., 2019b).
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Strikingly, central metabolism accounted for 42%, mainly because of cell wall and sugar metabolism
(11% each) but also because of amino acid and lipid metabolism, glyoxylate cycle and pentose
phosphate pathway (7, 3, 3, and 7%, respectively) (Figure 111.5C). Finally, cluster 3 was constituted by
23 NAD(P)-dependent enzymes that were found during fruit ripening (from GS7 to GS9). Quite
importantly, enzymes involved in mitochondrial activity were mainly represented (26%) in this last
cluster, followed by proteins participating in redox homeostasis (18%) and secondary pathways (13%).
Central metabolism (21%) remained noticeable due to the presence of enzymes involved in lipid-, amino
acid- metabolisms, pentose phosphate pathway and protein degradation (9, 4, 4 and 4%, respectively)
(Figure IT1.5C). Hence, while protein and mRNA profiles of NAD(P)-dependent markers only showed
partial overlap during tomato fruit growth, central metabolism and more particularly mitochondrial

functions were critically linked to pyridine nucleotides.

E. Multiomics dynamic of NAD metabolism during fruit development.

Pyridine nucleotides have received considerable attention for their metabolic, redox and
signalling functions in plant tissues (Hashida et al., 2009; Pétriacq et al., 2013; Gakieére et al., 20183,
2018b). However, very little is known about the importance of these metabolic cofactors for fruit growth.
In this study, we examined the contribution of pyridine nucleotides to fruit growth by analysing NAD(P)
metabolism at transcriptome and proteome scales as well as NAD(P)" and NAD(P)H contents and

concentrations during nine sequential stages of tomato fruit development.

I, Growth dependent de novo synthesis and recycling of pyridine nucleotides

Although previous changes in pyridine nucleotides have been observed between green and red
tomato fruits of MicroTom and Moneymaker cultivars (Centeno et al., 2011; Osorio et al., 2013b), our
study presents for the first time the changes of NAD(P) contents and concentrations during nine
sequential stages of tomato fruit development. As previously observed (Centeno et al., 2011), the highest
contents (nmol.gFW™) were measured during early developmental phases (Figure 11.2), concomitantly
with the expression of genes involved in early reactions of NAD" de novo synthesis (AO, QS and QPT)
(Figure 111.3), also assumed to control critically NAD(P) levels and its derivatives (Pétriacq et al., 2012,
2016b). Firstly, NAD(H) contents and concentrations showed two distinct accumulations mainly caused

by increased NAD" at the beginning of cell elongation and ripening (GS5 and GS8) (Figure I11.2).

Concurrently, transcript analysis unveiled a stimulation of further steps of NAD" de novo synthesis and
recycling pathway (Figure I11.3A). Secondly, NADP(H) contents dropped during cell division (GS1-4)

whereas concentrations were augmented as a result of increased NADPH concentrations. Furthermore,
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cell expansion and ripening phases displayed a decrease in both NADP(H) contents and concentrations.
Since NAD(P) are mostly present in organelles other than the vacuole (Donaldson, 1982; Gakiere et al.,
2018b), concentrations seem more relevant to understand the involvement of NADP(H) in fruit
development (Figure [11.2C). However, pyridine nucleotide concentrations that are reported here and in
previous studies represent pooled contents of subcellular metabolites rather than the in vivo original
compartmentalised concentrations, which are known to differ between organelles (Gakiére et al.,
2018b). Such differences in subcellular concentrations might affect the enzyme activities that depend

on pyridine nucleotides as cofactor.

Meta-analysis of K, values for plant dehydrogenases (Bar-Even et al., 2011) showed that total
cellular concentrations of NAD(P) measured in our study were higher than the median Ky, values of
plant NAD(P)-dependent enzymes (Supplemental fig TI1.5). This indicates that concentrations of
pyridine nucleotides in the developing fruit are sufficiently high that they would not limit NAD(P)-
dependent enzyme activities, as previously suggested (Bennett et al., 2009). In growing tissues, such as
Arabidopsis pollen tubes (Hashida et al., 2013), or here in young tomato fruit that is characterised by a
turbo metabolism due to high enzyme activities (Biais et al., 2014), plant development requires higher
NAD" and reducing power (NADPH) (Gakiére et al., 2018b). High concentrations of NADP(H) in
young fruits (Figure I11.2C) might be associated with photosynthesis that remains active in green fruits,
as detected in our transcript analysis (Figure [11.4C) and previously reported (Lytovchenko et al., 2011).
Furthermore, mRNA and protein analyses indicated a primary accumulation of NAD" precursors (GS1-
4) before the activation of de novo and recycling (GS4-9) pathways during tomato fruit growth
(Figure I11.3), which correlated with both contents and concentrations of NAD(H). Interestingly, the
stimulation of NaMNAT and NADS at transcript levels (Figure I11.3A) occurred just before the increase
in NAD(H) concentrations (Figure [11.2C).

On the other hand, catabolism of NAD(P) via signalling functions appeared continuous during
fruit development but resulted from different catabolic pathways (Figure I11.3B) as well as transport of
NAD(P) and their precursors (Figure 111.3C). This indicates that NAD(P) contents are sustained as key
metabolic regulators for fruit growth by different synthesis and degradation pathways. Precursors are
synthesised by early enzymes of de novo synthesis of NAD" (AO, QS, QPT), then latter enzymes of
synthesis and salvage routes (NaMNAT, NADS, NIC, NaPT, NaGT and NAD(P)H-hydrate epimerase
and hydratase) (Figure I11.1) allow for NAD(P) homeostasis.

This agrees with previous works which have demonstrated the importance of AO, QS and QPT in
modulating NAD" levels that influence plant development (Katoh et al., 2006; Schippers et al., 2008;
Pétriacq et al., 2012; Gakiére et al., 2018a).
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Likewise, Arabidopsis NICs were also reported to influence NAD" contents (Hunt et al., 2007; Wang
and Pichersky, 2007). Metabolism of nicotinate has also received recent attention in various plant
species (Matsui et al., 2007; Li et al., 2015; Wu et al., 2018). However, nicotinate conjugates are
particularly difficult to measure via MS-based metabolomics due to unreliable ionisations of such
compounds in the mass spectrometer, as it is the case for NAD" and nicotinamide (Guérard et al., 2011).
Further research combining MS and NMR techniques is necessary to confirm the molecular and

regulatory details of nicotinate metabolism in fruit.

1II, Growth dependent mRINA and protein profiles of NAD(P)-dependent enzymes

In all biological systems, a plethora of cellular processes need NAD(P) as coenzymes, including
both biosynthetic pathways and the catabolism of biomolecules which support energy production
(Gakiére et al., 2018a). Mitochondria are the powerhouse of the cell that ensure energy supply by
regenerating NADH and providing ATP, and are considered to contain the highest proportion of cellular
NAD(H). Several studies have shown that modifying mitochondrial functions result in changes of
NAD(P) contents that not only greatly influence plant growth (Dutilleul et al., 2003a, 2003b, 2005;
Pellny et al., 2008; Meyer et al., 2009; Centeno et al., 2011; Osorio et al., 2013b; Pétriacq et al., 2017)
but also stress responses (Pétriacq et al., 2016b; Gakiere et al., 2018b), thus placing pyridine nucleotides
as critical regulators of plant performance. In line with this, we demonstrated that NAD(P)-dependent
enzymes appeared mainly related to central metabolic pathways, including one-fifth of mitochondrial
functions (Figure 111.4C & 11.5C). This agrees with a critical role of mitochondrial NAD(P) metabolism
for tomato fruit growth, as elegantly demonstrated in mutant tomato fruit that are affected in TCA cycle

(Aratjo et al., 2012).

Additionally, we showed that mRNAs and proteins that related to NAD(P)-dependent enzymes
exhibited distinguishable profiles during fruit development. We further identified a global separation
between ripening and previous developmental stages (ie. cell division and expansion)
(Figure TIT.4A & I1.5A), based on the profiles of both NAD(P)-dependent mRNAs and proteins. This
suggests a growth stage-dependent reprogramming of NAD(P) metabolism. Concurrently, we observed
a growth stage-dependent stimulation of the different central metabolism branches (amino acid-, lipid-,
sugar- and cell wall-related metabolism) at both transcript and proteomic levels (Figure I11.4C & 11.5C),

thus emphasising the link between NAD(P) and carbon and nitrogen metabolisms.

This raises the question about NAD(P) signalling during fruit development (Hashida et al., 2018), as
further exemplified by a notable proportion of NAD(P)-dependent enzymes that related to redox
homeostasis at mRNA and protein levels, especially those involved in ascorbate-glutathione cycle, and

other specialised pathways (e.g. anthocyanins biosynthesis).
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Here, we showed that cellular division phases displayed an increase in reducing power equivalent
(NADPH) while cellular expansion and ripening phases harboured a higher oxidised state. Hence,
pyridine nucleotides appear pivotal for fruit development in supplying energy and precursors for central
metabolism while assuring redox homeostasis and secondary metabolites accumulation. For a better
comprehension of NAD(P) involvement in cellular processes, future works should also include the study
of protein turnover, especially protein synthesis rate that has been shown to control protein levels in

developing tomato fruit (Belouah et al., 2019).

III. NAD metabolism is strongly linked with mitochondrial and redox processes

during ripening

Climacteric species (e.g. tomato, banana, kiwi.) are characterised by a metabolic shift from
normal development state, known as climacteric crisis, that is associated with the conversion of starch
into soluble sugars and CO, (Moing et al., 2001; Colombié et al., 2017), and which is concomitant with
higher ATP levels and respiratory fluxes. Interestingly, from a transcript perspective, 50% of the
significant NAD(P)-dependent genes that were identified as up-regulated during ripening belonged to
enzymes involved in the key respiratory burst during ripening of climacteric fruits (Figure I11.4) in

accordance with previous reports (Biais et al., 2014; Colombié et al., 2015, 2017).

Moreover, mitochondrial functions represented a notable proportion of both protein and transcript
markers, and more specifically a greater proportion (>75%) within the NAD(P)-dependent ripening-
related markers, thus supporting the idea that climacteric respiration is i) regulated by mitochondrial
activity and ii) essential for fruit ripening (Figure I11.4B & 11.4C). In tomato fruit, the energy peak results
from an excessive carbon supply coming from starch and cell wall degradation, and a decrease in carbon
demand as a result of arrested cell expansion (Colombié et al., 2017). In agreement, several sugar- and
cell wall-related NAD(P)-dependent markers are identified to be up-regulated shortly before and during
ripening (Figure I11.4 & I1.5). Besides, NAD(P)-dependent markers involved in redox homeostasis were
also up-regulated mainly during ripening (Figure 111.4 & I1.5). Despite the energy peak and the control
of redox balance, ripening is also associated with a wide range of metabolic processes resulting in
organoleptic changes reflected by an increased sweetness, and nutritional value. This further agrees with
a concurrent accumulation of soluble sugars and others amino acids coming from starch and protein

degradation, respectively (Beauvoit et al., 2018).

Here, functional clustering identified an increase of NAD(P)-dependent transcript and protein
levels involved in protein catabolism only during ripening phases as well as amino acid-related
metabolism markers (Figure [11.4 & 11.5). Finally, latter stages of NAD" synthesis and recycling were

stimulated during ripening at both transcript and protein levels (Figure II1.3) that resulted in an
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augmented NAD(H) concentrations (Figure I11.2), probably to sustain the high metabolic activity during

fruit ripening process.

Collectively, these results indicate that NAD(P) is a core component of tomato fruit ripening,
which not only participates in the climacteric respiration via a stimulation of mitochondrial activity, but
also sustains energy supply for numerous biosynthetic pathways that relate pyridine nucleotides

metabolism to fruit development and quality.

CONCLUSION

This study is one of the first steps towards a better comprehension of the implication of NAD(P)
in fruit development. Our results demonstrate a crucial role of NAD(P) during the whole process of fruit
growth with distinct functions between the cellular division, expansion and ripening stages. Further
experiments are required to decipher which biochemical and molecular mechanisms are triggered by
pyridine nucleotides and participate in the control of fruit development. Due to the high reactivity of
such redox metabolites, metabolic modelling tools might provide a great alternative to predict fluxes of
NAD(P) during fruit development and a better understanding of these mechanisms that will help to

improve fruit performance, thus allowing better strategies for crop productions.
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Supplemental fig ITI.1: LCMS measurements of NAD(P)+ contents during tomato fruit development.

NAD and NADP' pools were measured for nine sequential growth stages (GS) of tomato fruit
development (A). Shown are box plots of replicated metabolite quantifications (z = 3) (B) and of
replicated metabolite quantifications (# = 3) normalised to the cytosol and organelles volumes (C).
where X indicates means and lines median, respectively. Statistical significance is indicated by

ANOVA Pvalue. Binary comparisons between conditions are indicated by letters above box plots,
according to Student’s ¢ test (p < 0.05). Left panel indicates the concentrations of NAD(P)+ in

nmol. gFW_1 whereas the right panel indicates the NAD(P)+ concentrations in pmol.lhl.
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Supplemental fig I11.2: Normalised protein profiles of NIC and NaPT during tomato fruit growth.
Bar charts (7 = 3, + SEM) show normalised concentrations of NIC (Solyc01g007920) and NaPT

(Solyc02g093290)  enzymes involved in NAD' recycling.  NaPT:  Nicotinate

phosphoribosyltransferase; NIC; Nicotinamidase.
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Supplemental fig II1.3: Absolute expression of NAD' metabolism genes is low compared to central metabolism

genes. Bar charts (7 = 3, + SEM) showing raw absolute expression of genes involved in NAD' synthesis,
recycling, the house-keeping gene Actin, and two genes of central and redox metabolism. Insert shows absolute

expression for only AO, NIC and NaPT genes (A). Expression dataset from Tomato Expression Atlas

(http://tea.solgenomics.net/) confirming the low expression levels of NAD' synthesis genes AO and compared to

central metabolism and redox genes during tomato fruit development (B). AO: Aspartate oxidase; NaPT:

Nicotinate phosphoribosyltransferase; NIC; Nicotinamidase; DHAR: Dehydroascorbate reductase.
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Supplemental fig I11.4:. Example of NAD(P)-dependent enzyme activity. Activity of isocitrate

dehydrogenase NADP+-dependent (Solyc11g011930.1.1, in blue) and malate dehydrogenase NAD -

dependent (Solyc01g106480.2, in red) during tomato fruit growth.
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Supplemental fig II1.5: Distribution of plant NAD(P)-dependent enzyme K . K values for plant

species were filtered from (Bar-Even et al., 2011). Right panel shown the distribution of 171 K

values of plant NAD-dependent dehydrogenases (K_ values < 1200) and left panel shown the
distribution of 234 K values of plant NADP-dependent dehydrogenases (K _values < 200). Red

areas represent the NAD(P) concentrations observed in our study during tomato fruit development.

For supplemental tables, please follow this link:

https://www.frontiersin.org/articles/10.3389/fpls.2019.01201/full#supplementary-material
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CHAPTER IV

QUANTITATIVIE
DESCRIPTION OF THIE
ASC-GsH CYCLE
DURING TOMATO
FRUIT DEVELOPMIENT




ABSTRACT

Reactive oxygen species and redox metabolism are some of the key players in the control of
plant development by participating in virtually all signalling processes. Among the myriad of antioxidant
metabolites, ascorbate, glutathione and pyridine nucleotides have been identified as crucial metabolic
cornerstones, orchestrating the regulations of the redox balance during development and in response to
stresses (Foyer and Noctor, 2016; Decros et al., 2019a; Smirnoff and Arnaud, 2019). However,
knowledge on the redox metabolism involvement during development remain scarce. Here, we provide
the first quantitative description of the core redox metabolism, including ASC-GSH cycle metabolite
contents and enzymatic capacities during the whole tomato fruit development. Moreover, mutant fruits
displaying enhanced ASC synthesis have been analysed to investigate the role of ASC during fruit

development.

This study unveiled a growth-dependent behaviour of the core redox metabolism during tomato
fruit development, especially a complete shift in ASC oxidation ratio during cell division to expansion
transition. Moreover, MDHAR and APX appeared as central actors in the control of ASC and GSH
signalling during development, whereas DHAR and GR were probably more related to stress

management.

Furthermore, analysis of these ASC-enriched mutant fruits showed a limited impact on fruit growth and
metabolism but has enabled us to identify a co-regulation of GSH and ASC reduced form contents

independently from the ASC-GSH cycle activity.

This unprecedented redox dataset represents valuable information for developing further a redox kinetic

model (see Chapter V).
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Chapter 1V. Quantitative description of ASC-GSH cycle during fruit development

Reactive oxygen species and major redox buffers are key partners in orchestrating the redox
poise in developing cells. However, the high reactivity of ROS leads to a scarcity of available
quantitative data concerning them. The literature mainly contains semi-quantitative or qualitative data,
but rarely obtained on developmental series, as well as for the other major redox buffers (Jozefczak et
al., 2015; Foyer, 2018; Rosalie et al., 2018). Redox metabolism has often been specifically quantified
during a definite event but not in a continuous way throughout the development, especially for fruits in
which they have been assayed for post-harvest issues (Fu et al., 2011; Liu et al., 2016; Valenzuela et al.,

2017).

The ascorbate-glutathione cycle is a major actor in the control of the redox balance by linking the three
major redox buffers together in a ménage-a-trois allowing rapid ROS processing while controlling the
redox state of major antioxidants (Foyer and Noctor, 2011; Decros et al., 2019a). High levels of oxidised
ASC in young fruits of different species have been observed, however, no study including all three
partners of the ASC-GSH cycle, as well as their redox state, and the associated ROS content has been

reported yet (Roch et al., 2020).

Besides, antioxidant metabolites have been shown to benefit human health (Wargovich et al.,
2012; Cory et al., 2018), and also participate in plant tolerance to various stresses (Foyer and Noctor,
2016; Pétriacq et al., 2016b; Choudhury et al., 2017). However, despite the ascorbate role in numerous
fundamental processes, its content was gradually decreasing during tomato breeding in favour of the
yield (Macknight et al., 2017; Mellidou et al., 2021). Additionally, studies aiming to increase fruit
ascorbate content have shown limited success, which suggests a finely controlled ASC metabolism in
fruits without totally identifying the underlying mechanism involved (Stevens et al., 2018). Lastly, a
drastic increase of ASC content in the whole plant leads to developmental alterations in the flowers and
pollen infertility, thus making fruit production impossible (Deslous et al., 2021). Although ASC
synthesis and recycling pathways are well known in plants, ASC displays various roles within the
different plant organs that remain to be deciphered (Bulley and Laing, 2016; Smirnoff, 2018). Concepts
from foliar tissues, which are strongly linked to photosynthetic activity, can be transposed to fruits in a

limited way leaving many questions about ASC role and metabolism unanswered.

The objective of this study is to describe, quantitatively, the core redox metabolism including
ROS and major redox buffer contents throughout the development of the tomato fruit. Moreover, the
impact of an internal perturbation of ASC metabolism for fruit development was analysed using

ascorbate-enriched mutants affected in the ascorbate synthesis pathway.
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A. Quantitative description of ROS and redox metabolite contents

I ROS dynamic during fruit development

Remarkably, tomato fruit showed a very high content of H,O, at the beginning of its
development that dropped rapidly after 8 days post-anthesis (Figure IV.1). Then, ROS content continued
to decline gradually during cell expansion. Furthermore, by optimising the scale of the data presented,
a slight increase of the ROS content at the turning stage could be noticed. Although not significant, this

increase was concurrent with the well-known climacteric crisis characterised by a respiratory burst
(Colombié et al., 2017).
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Figure IV.1: Hydrogen peroxide content during tomato fruit development. Statistical significance
content is indicated by ANOVA p-value. Binary comparisons between growth stages are indicated

by letters according to Tukey test (p < 0.05).

II. Major redox buffers dynamic during fruit development

It is interesting to note that the total ASC content showed a dynamic similar to that of H>O;
(Figure IV.2.A). Indeed, total ASC accumulated during young fruit development as compared to other
stages, and slightly augmented during turning and orange stages before declining at the red stage.
Furthermore, the reduced ASC content was lowest at anthesis and remained the minority form of

ascorbate until 14 DPA, when a change in its redox state occurred, making it the majority form until late

development (Figure IV.2A).
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Besides, total GSH content remained relatively stable during green fruit development and
increased after turning (Figure I'V.2B). Moreover, GSSG content started high during anthesis but rapidly
decreased, resulting in the maintenance of the total pool of GSH mainly reduced during all fruit
development (Figure 1V.2B). Discrepancies between ASC and GSH dynamics during development

suggested a differential involvement of these redox buffers, where ASC was more likely involved in the

early development, while GSH seemed to be more implicated during ripening.
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Figure IV.2: Ascorbate (A) and glutathione (B) content and their associated redox state during
tomato fruit development. Statistical significance content is indicated by ANOVA p-value. Binary

comparisons between growth stages are indicated by letters (total content in colors), according to
Tukey test (p < 0.05).

On the other hand, pyridine nucleotide (i.e. NAD and NADP) contents harboured the same
dynamic as observed for ASC and H,O>. In other words, their highest content was observed during the
anthesis stage before decreasing and remaining stable until the end of development (Figure 1V.3).
Moreover, the NAD oxidation state remained largely oxidised during the fruit development, while the

NADP oxidation state showed a slight decrease at the beginning before following the same trend as
NAD.
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Figure IV.3: NAD(H) (A) and NADP(H) (B) content and their associated redox state during tomato
fruit development. Statistical significance content is indicated by ANOVA p-value. Binary
comparisons between growth stages are indicated by letters (oxdised form in colors, and reduced

form in black), according to Tukey test (p < 0.05).

B. Redox enzymatic activities

L Direct ROS scavenging enzymes

The two main enzymatic pathways for ROS processing in plants are catalase and ascorbate

peroxidase. The former has a lower affinity for H,O,, but does not require an antioxidant as a substrate,

while the latter allows rapid detoxification of ROS but is dependent on the available pool of reduced

ascorbate (Bernroitner et al., 2009; Sarker and Oba, 2018). Unfortunately, due to experimental
difficulties to obtain and assay anthesis samples, direct ROS scavenging data could not be obtained for

this stage. Data presented for this section will start from 4 or 8 DPA stages.

Capacities (Vmax) of these two enzymes exhibited distinct behaviour during tomato fruit development.

APX displayed a dynamic close to the one of ROS and total ASC (Figure IV.4A), i.e., a strong capacity

during the early beginning of development that rapidly dropped and stayed stable until late development.
On the other hand, CAT showed a steady activity during green fruit development followed by a peak at

the turning stage that quickly returned to the basal level (Figure I'V.4B).
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Overall, ROS processing enzymes seems to modulate redox balance independently during
development as they showed distinct patterns with a higher capacity at different developmental phases

(i.e. APX during early stages and CAT at turning).
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Figure IV.4: Ascorbate peroxidase (A) and catalase (B) capacities (V__) during tomato fruit

development. Statistical significance content is indicated by ANOVA p-value. Binary comparisons

between growth stages are indicated by letters according to Tukey test (p < 0.05).

II. Antioxidant recycling enzyme

Ascorbate recycling enzymes displayed different patterns of evolution during fruit development.
DHAR remained relatively steady but harboured a much lower activity (around 15 nmol.min™".gFW™)
than MDHAR (lowest value < 150 nmol.min™".gFW™) (Figure 1V.5A and B). Strikingly, MDHAR
activity showed the lowest activity at anthesis, then raised until a peak at 14 DPA, concomitant with the

switch of ascorbate oxidation ratio, followed by a stable decrease until the red ripe stage.

Besides, GR activity displayed a dynamic divided into two phases. Higher capacity was
observed during fruit division phases before decreasing and remaining stable during further fruit
development (Figure I'V.5C). Interestingly, the highest GR capacity was concomitant with the lowest
capacity of MDHAR and the highest ASC and GSH oxidation states. As both of these enzymes use the
same substrate (Z.e. NADPH) to reduce either GSSG or MDHA, this might suggest a potential co-

regulation of these enzymes by the pyridine nucleotide supply.

Overall, as for ROS processing enzymes, main antioxidant recycling enzymes exhibited
discrepancies in their behaviour during fruit development and seemed to control the redox poise in a

development-dependent manner.
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Figure IV.5: Monodehydroascorbate reductase (A), dehydroascorbate reductase (B) and glutathione

reductase (C) capacities (V__ ) during tomato fruit development. Statistical significance content is

indicated by ANOVA p-value. Binary comparisons between growth stages are indicated by letters
according to Tukey test (p < 0.05).

C. Dynamics of central and redox metabolism in developing tomato fruit

To obtain a better picture of the link between redox and central metabolism throughout tomato
fruit development, targeted assays for soluble sugars, malic and citric acids, total protein content and
total equivalent antioxidant capacity (TEAC, namely Trolox equivalent) were complemented. Principal
component analysis of the biochemical phenotyping dataset revealed a distinct separation between
tomato fruit developmental phases while explaining 66% of the variation in metabolite contents and
enzyme capacities (Figure 1V.6). PC1 (41.5%) separated each developmental stage gradually from
anthesis to mature green stage (= 35 DPA), and PC2 (24.5%) segregated early and ripening stages from

cell expansion stages.
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Figure IV.6: Central and core redox metabolism during tomato fruit growth. Normalised metabolites
and protein contents, and enzymes capacities of 25 metabolic features of central and core redox
metabolism were visualised (A) for global impact of the growth stage of tomato fruit and features
contribution (B) by Principal Component Analysis (PCA with maximal variation given into
brackets). Dotted circles indicates the different growth phase (cell division in green, cell expansion

in orange, and ripening in purple).

Concomitantly, the contribution of variables through a loading plot demonstrated a predominant
effect of TEAC, protein, NAD", NADPH, total ascorbate, GR and starch along PC2 (Figure [V.6). PC1
further represented ROS, polyphenols, reduced ascorbate, total glutathione, NAD(P) oxidation ratio,
MDHAR and soluble sugars.

Besides, a hierarchical clustering analysis (HCA, Pearson’s correlation, Ward clustering) of
variables unveiled three main clusters (Figure 1V.7). The first cluster (in blue) comprised variables
depicting contrary evolution patterns, including starch and malate which showed the strongest values
during cell expansion, while NADH, GSSG and GSH oxidation ratio were higher during early stages
and ripening (Figure ['V.7). This suggests a link between NADH and GSH redox state while highlighting
the link between starch and malate with tomato fruit ripening, as already reported (Centeno et al., 2011).
From a redox perspective, malate dehydrogenase serves NAD(P)H regeneration in fruit cells and
participate in the control of NAD(H) distribution through the malate-aspartate shuttle (Mettler and
Beevers, 1980; Gakiére et al., 2018b). Hence, this emphasises MDH as a potential candidate in the

crosstalk between central and redox metabolisms, especially during the ripening process.
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Figure IV.7: Central and core redox metabolism during tomato fruit growth. Same features as
observed in Figure V.6 were then filtered (ANOVA, p < 0.05) and subjected to unidimensional
hierarchical clustering analysis. Shown are Pearson’s correlations after complete clustering of 28

significant metabolic features.

The second cluster (in green) consisted of variables showing their maximum values at the early
beginning of development that rapidly dropped until the ripening stages. Here, H,O,, APX, total ASC
content and its oxidation ratio clustered together, associated with total antioxidant capacity and
polyphenol content. Furthermore, NAD" and NADPH, which are the most commonly used forms of
pyridine nucleotides, displayed a similar evolution profile. From a redox perspective, this cluster showed

a correlation between APX, ASC content and its redox state, main forms of NAD(P) and H.O, indicating
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that ASC metabolism and oxidative signalling were more involved in ROS processing during
development than GSH metabolism (Figure 1V.7). Finally, the third cluster (in pink) encompassed
metabolites and enzymes showing low levels or activities during cellular division stages (Ze. from
anthesis to 8 DPA) that gradually increased during the cellular expansion phase (i.e. from 14 DPA to
turning), and often displaying a peek at turning stages before remaining stable during ripening (i.e. from
turning to red). Soluble hexoses, citrate and NAD(P) oxidation ratios followed the same pattern during
fruit development. From a redox perspective, the most relevant variables included in this cluster were
the antioxidant recycling enzymes (i.e. MDHAR, DHAR and GR) as well as total GSH, reduced ASC
and CAT, suggesting maintenance of a potent antioxidant recycling capacity during cell expansion and

ripening of fruit.

Altogether, PCA and HCA indicated an active and dynamic redox metabolism during tomato
fruit development. Early development correlated with an important ROS content and a high ASC
oxidation ratio, concomitant with a low MDHAR but strong APX capacities. In addition, glutathione
also seemed to be involved during the cellular division phase as shown by its oxidation state and the
high GR capacity. Thereafter, ascorbate and glutathione recycling activities together with reduced
ascorbate and total glutathione correlated together until the end of tomato fruit development. Finally,
ripening stood out by a peak for ROS producing enzymes, such as CAT and SOD, but maintained a
highly reduced state and antioxidant recycling capacity. Overall, our results demonstrate that tomato
fruit development is orchestrated by different events requiring a dynamic and flexible redox metabolism

to handle the changing redox balance.

D. Effect of an increased ascorbate synthesis for fruit development

Ascorbate-enriched fruits have been obtained from previously characterised lines (Deslous et
al., 2021). Briefly, the causal mutation is semi-dominant and localised in the regulatory upstream region
of the open reading frame (UORF) of GDP-galactose phosphorylase (GGP), i.e. the main controlling
enzyme of the ASC synthesis pathway (Bulley and Laing, 2016; Mellidou and Kanellis, 2017). Two
independent mutant and control lines were analysed (see Chapter T1.A.IT). As we observed no differences
between mutant or control lines, and between controls lines and M82 WT fruits, data from both mutant

lines have been pooled and compared to M82 WT to facilitate the visualisation of the results.
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L Effect of an increased ASC synthesis for fruit phenotype and growth

The ASC-enriched (ASC") fruits harbour an enhanced ASC synthesis resulting in a higher ASC
content in fruits, up to 5 times fold and 10 times the wild-type (WT) level at heterozygous and
homozygous state, respectively (Deslous et al., 2021). Besides, ASC" plants displayed a similar
phenotype to WT concerning their vegetative tissues. However, ASC" plants displayed an augmented
number of flowers per truss (Figure 1V.8) concomitant with pollen infertility problems and flower
morphological disorders. Indeed, stills are no longer included within anthers which are inwardly twisted,

thus hindering self-pollination (Figure 1V.9).
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Figure IV.8: Number of flower per truss in mutant, control and wild-type plants. Statistical

significance is indicated by stars (**) according to Student’s test (p <0.01).

Style

Mutant flower

WT M82 flower

Figure IV.9: Longitudinal and top view of mutant and wild-type flowers. Still are circle in red to
highlight their position in flower.
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Thereby, auto-fecundation of ASC™ mutants is almost impossible, and when it occurred, it led
to several fruit disorders (ie. gelless, seedless, smaller sized, development failures) or abortion. To
encompass these issues, ASC" fruits were obtained through the crossing of heterozygous ASC" ovary

and WT pollen, resulting in seeded fruits harbouring a WT phenotype (Figure 1V.10).

OCG6F1 OCG6F1 OCG6F1

(WT-like) Self (hetero) MicroTom

Figure IV.10: Pictures of fruits and associated transversal view. M82 and MicroTom represent

commercial tomato cultivars. OC6F1 indicates the generation of the plant (Out-cross n°6, F1

generation) that can be wild-type-like (7.e. does not contain the causal mutation for ASC’ phenotype)
and is self-pollinated or heterozygous and in that case, flowers need to be crossed using WT M82

pollen.

These observations raise questions about the implication of ascorbate during flower and pollen
development as well as its involvement during gel and seeds development. However, heterozygous fruits
obtained through crossing displayed a wild-type phenotype suggesting that seeds and gel development
were more associated with pollen metabolism and fertilisation than fruit development. Here, we
investigated the effect of increased ASC synthesis in pericarp cells, which appears to be more dependent
on maternal tissue. Thus, heterozygous fruits were analysed to specifically study the influence of an
increased ASC synthesis on fruit metabolism. Overall, from a phenotypic perspective, mutant and
control fruits showed a similar growth rate to WT during all fruit development (Figure I'V.11). However,
this indicates that an increase in ASC content of the pericarp does not affect tomato fruit growth (Z.e.
weight, shape and size), up to a certain limit, since homozygous fruits, when developed, were always

smaller.
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Growth rate
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Figure IV.11: Growth rate of mutant, control and wild-type fruits during development.

Il Effect of an increased ASC synthesis on core carbon metabolism

Soluble sugar, major organic acids, starch and total protein content were assayed to determine
the influence of an increased ASC synthesis on fruit central metabolism. For these variables, no
difference was observed during development, and ASC" mutant fruits harboured a similar evolution
pattern to WT fruits (Figure 1V.12). Hence, this suggests that ASC synthesis did not influence core
central metabolism even though the ASC synthesis pathway in this ASC-enriched mutant starts from
glucose ((Davey et al., 1999; Bulley and Laing, 2016). Overall, this is consistent with the lack of
differences observed for phenotypic variables, reinforcing the idea that ASC metabolism is not directly

related to sugar metabolism, although there is a link to glucose through its synthetic pathway.
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Figure IV.12: Central carbon metabolism in WT and ASC’ mutant fruits during development. Nine
features were filtered (ANOVA, p < 0.05) and subjected to bidimensional hierarchical clustering
analysis. Shown are Pearson’s correlations after Ward clustering that unveiled two metabolic clusters

associated with three development cluster corresponding to developmental phases.
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11T, Effect of an increased ASC synthesis on core redox metabolism

1.  ROS dynamic during fruit development

Strikingly, ROS content in ASC" fruits followed the same pattern as WT fruits. Moreover, H,0
was significantly reduced only for the anthesis stage but remained clearly the highest concentrations of

development (Figure 1V.13). Thus, this indicates that an increase in ASC synthesis slightly affects the

ROS content only during early development.

Besides, it is worth noting that the trend of ROS to augment at turning stage was not observed in ASC*
mutant fruits despite a normal ripening phenotype (Figure 1V.13). Therefore, this suggests that the

increase in H>O, observed at turning stage is a consequence of the climacteric crisis but does not act as

a signal during ripening.
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Figure IV.13: H,O, content in WT and ASC” mutant fruits during development. Statistical

significance content is indicated by ANOVA p-value. Binary comparisons between growth stages

within the same genotype are indicated by letters (in colors according to legend) according to Tukey
test (p < 0.05). 141
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2. Major redox buffer dynamic during fruit development

From a redox perspective, both reduced and total ASC contents were significatively higher in
ASC" mutant than in WT fruits, as expected (Figure 1V.14). Interestingly, no difference was observed
concerning the ASC redox state during the whole fruit development (Figure 1'V.14). Overall, ascorbate

followed the same dynamic observed in WT fruits either in terms of its content or its redox status.
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Figure IV.14: Ascorbate content (A) and its redox state (B) in WT and ASC’ mutant fruits during
development. Statistical significance content is indicated by ANOVA p-value. Binary comparisons

between growth stages within the same genotype are indicated by letters (in colors according to

legend) according to Tukey test (p < 0.05). Binary comparisons between WT and ASC mutant for

the same growth stage are indicated by stars according to Tukey test (p <0.05).

In addition, GSH was increased at 4 and 8 DPA stages while it decreased at the red stage in
ASC" fruits (Figure I'V.15). However, no differences were observed in GSSG content as well as in GSH
oxidation ratio, thus indicating that GSH discrepancies coul be attributed to variations in the content of

reduced GSH (Figure IV.14).
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Hence, this shows a complementary effect between GSH and ASC in terms of reduced antioxidant
availability during cell division stages and at the end of ripening. Indeed, 4 and 8 DPA stages displayed
an increase in both DHA and GSH content, whereas the increase in GSH content during maturation is

inhibited by reduced ASC accumulation.
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Figure IV.15: Glutathione content (A) and its redox state (B) in WT and ASC' mutant fruits during
development. Statistical significance content is indicated by ANOVA p-value. Binary comparisons

between growth stages within the same genotype are indicated by letters (in colors according to

legend) according to Tukey test (p < 0.05). Binary comparisons between WT and ASC' mutant for
the same growth stage are indicated by stars according to Tukey test (p <0.05).

On the other hand, pyridine nucleotides were not affected by the increase in ASC synthesis
either concerning their contents or redox states (Supplemental fig TV.1 and TV.2). As for ASC and H>O»,

the dynamic of all the pyridine nucleotides content followed the same pattern in ASC" than in WT fruits.
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3. Total soluble antioxidant capacity

Interestingly, despite a significant increase of total ASC, total soluble antioxidant capacity was
significantly increased in ASC" mutants only from 35 DPA until the end of development. The increased
ASC synthesis induced an accumulation of its oxidised form during cell division stages which is
congruent with the stability of total soluble antioxidant capacity although the increase in GSH. However,
the increase in total antioxidant capacity did not appear to be significantly increased during cell
expansion stages despite an increased reduced ASC content (Figure 1V.16). Nevertheless, it is worth
noting during cell expansion ASC" seemed to display a higher antioxidant capacity, but this was not
significant.
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Figure IV.16: Total soluble antioxidant capacity in WT and ASC’ mutant fruits during development.
Statistical significance content is indicated by ANOVA p-value. Binary comparisons between
growth stages within the same genotype are indicated by letters (in colors according to legend)
according to Tukey test (p < 0.05). Binary comparisons between genotypes for the same growth stage

are indicated by stars according to Tukey test (p < 0.05).

4.  Enzymatic activities during fruit development

Interestingly, despite an increased ASC content during all fruit development and the variations
of GSH for some stages, enzymes involved in antioxidant recycling (i.e. MDHAR, DHAR and GR)
displayed no differences between WT and ASC" mutant fruits (Supplemental fig 1V.3). Besides, ROS
processing enzymes (Z.e. APX and CAT) also showed the same evolution profiles as in WT fruits

(Supplemental fig IV.4).

Overall, all enzymes involved in the ASC-GSH cycle showed a similar evolution pattern in both

ASC" and WT fruits suggesting that ASC content is not involved in the regulation of their abundance.
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5. Global metabolic changes in responses to an enhanced ASC synthesis

Altogether, the central and redox metabolic targeted metabolic features highlighted four main
clusters associated with fruit developmental phases. HCA displayed a global pattern similar to the WT
one (Figure 1V.7), including two major clusters associated with either early development or cell division
and ripening phases, as expected from the generally low difference levels observed between WT and

mutant fruits (Figure I'V.17).
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Figure IV.17: Central and core redox metabolism in WT and ASC" mutant fruits during
development. 28 features were filtered (ANOVA, p < 0.05) and subjected to bidimensional
hierarchical clustering analysis. Shown are Pearson’s correlations after ward clustering that unveiled
three metabolic clusters associated with three development cluster corresponding to developmental

phases.
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In the first cluster (in green), ROS content gathered with ASC and GSH redox state, NAD",
NADPH as well as total protein and sucrose contents, which showed no relevant differences in ASC*
mutants. This is in line with the 'turbo’ metabolism observed during early development, which led to
ROS accumulation and ASC oxidation due to the low recycling capacity, which was not influenced by

ASC synthesis. (Figure [V.7 and [V.17).

In the second cluster (in pink), metabolic features associated with cell expansion and ripening included
antioxidant recycling enzymes (i.e. MDHAR, DHAR and GR), total GSH content and both NAD(P)
oxidation ratios as well as hexoses and CAT capacity (Figure [V.17). This agrees with the previous
observation in WT fruits (Figure 1V.7) This again highlighted the need to maintain reduced antioxidants
available during these phases of fruit development and particularly at the turning stage. Strikingly, in
the third cluster (in yellow), malate and starch stood out as they displayed a specific dynamic associated
with cellular expansion only (Figure 1V.17). In addition, NADH was still associated with malate and
starch, but to a greater extent than previously observed (Figure 1V.7). Finally, reduced and total ASC,
as well as total antioxidant capacity, clustered together (in blue) and separated from the other variables,
as expected. On the other hand, NADH and APX capacity were included in this cluster despite no
differences observed (Figure 1V.17). Nonetheless, their dynamic was close to ASC variations during

development, thus enhancing the involvement of APX, especially during early development.

To conclude, from a redox perspective, an increase in ASC induces a slight decrease in H,O>
content at anthesis, followed by an increase in reduced GSH content during cell division. Subsequently,
no differences were observed during cell expansion, suggesting a low contribution of ASC synthesis in
redox regulations during this development phase. Finally, the resumption of H,O, observed at turning
stage in WT fruits was missing in ASC" fruits and followed by a decrease in reduced GSH content at
red ripe. Hence, this indicates a complementation effect between GSH and ASC as a function of reduced
ascorbate content. Overall, apart from this effect, ROS and major redox buffers in ASC" mutant fruits
followed a similar pattern than in WT fruit. Thus, this suggests a limited involvement of ASC synthesis,
and to a greater extent, of ASC in the control of core redox metabolism during tomato fruit development.
Nonetheless, this reinforces the hypothesis of a growth-dependent involvement of the ASC-GSH cycle
during fruit development, especially during cell division and ripening. On the other hand, central fruit
metabolism and fruit growth were not affected by the increase in ASC synthesis despite auto-fecundation

issues, which further highlights a tissue-dependent role of ASC signalling.
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E. Untargeted metabolomic profiling

In the past decade, numerous metabolomics studies have been performed on fruits, especially
tomato and strawberry, providing a global understanding of metabolic pathway dynamics and their
interaction during fruit development and in response to various environmental stimuli (Hanhineva and
Aharoni, 2010; Luna et al., 2020). Moreover, metabolomics studies allowed identifying discrepancies
in the chemical compositions between diverse transgenic lines or physiological conditions, resulting in
the identification of genomic regions associated with agronomical traits (Moing et al., 2020). In order
to get a better idea of the fruit metabolome, an untargeted L.C-MS analysis was performed on semi-polar
compounds during fruit development. In a second step, metabolic features were filtered based on their
putative annotations to select antioxidants metabolites (see Chapter I1.IKX.1T). Metabolomics is therefore
a complementary approach to biochemical phenotyping that allows a broader coverage and description

of redox metabolism during tomato fruit growth.

L Global changes in metabolism during fruit development

A total number of 3742 metabolic features were identified in tomato pericarps, among which
3312 variated significatively during fruit development (ANOVA; p < 0.05 with Adjusted FDR),
representing 88.7% of the total features retained for chemometrics. Principal component analysis
enabled the separation of each early stage from the others along PC1 (41.9% of total variance)
(Figure IV.18A), which corroborated the pronounced differences observed for central and redox
metabolism for these stages (Figure 1V.6A). Moreover, PC2 (28.2%) discriminated cell expansion

stages, but did not contribute to the separation between cell division and ripening phases.
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Figure IV.18: Principal component analysis of 3742 metabolic features (A) and of 733 putative
antioxidant features (B) during tomato fruit development. Dotted circles indicate the different growth

phase (cell division in green, cell expansion in orange, and ripening in purple). 147
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Interestingly, hierarchical clustering analysis unveiled a clear association between metabolic
profiles and the growth stage (Figure 1V.19). Indeed, most metabolic markers identified (ANOVA; p <
0.05 with Adjusted FDR) showed a specific accumulation either for cell division, cell expansion or
ripening phases. Altogether, this highlights a complete fruit metabolic reprogramming in terms of
primary and secondary metabolites depending on the growth phase. Given the nature of the
metabolomics approach (i.e. targeting semi-polar secondary compounds), our results thus demonstrate

a specific involvement of several secondary metabolic pathways for harmonious fruit development.
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Figure IV.19: Hierarchical clustering analyses of 3312 significant (ANOVA, p < 0.05) metabolic
features during tomato fruit development. Shown are Pearson’s correlations after ward clustering
that unveiled three metabolic clusters associated with three development cluster corresponding to

developmental phases. 148
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Besides, analysis of ASC" fruits only showed slight differences in the number of significant
features identified, increasing from 3312 to 3482 within the global data set. However, PCA and HCA
showed the same separation pattern between growth stages and displayed no differences between
genotypes (Supplemental fig 1V.6). Overall, global metabolic signals were not affected by increased
ASC synthesis.

II. Dynamic of antioxidant secondary metabolites during fruit development

A total number of 733 metabolic features have been identified based on their putative
antioxidant properties, among which 650 shifted significatively during fruit development (ANOVA; p
< 0.05, Adjusted FDR), representing 88.6% of the total features identified. Similarly to the global
analysis, PCA showed a marked separation between young stages and other developmental phases along
PC1 (43.2%) (Supplemental figure IV.5B). Moreover, HCA displayed three feature clusters, each one
associated with a development phase (Figure 1V.20). On the other hand, analysis of the ASC" mutant
fruits showed a similar pattern in which both genotypes clustered together for each growth stage
(Supplemental figure I'V.7). Overall, this indicates that secondary antioxidant metabolites are present in
tomato fruit throughout development, but that their chemical abundance varies with growth which have
been extensively documented (Hanhineva and Aharoni, 2010; Tohge et al., 2013; Tohge and Fernie,
2015; Decros et al., 2019a).
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Figure IV.20: Hierarchical clustering analyses of 650 significant (ANOVA, p < 0.05) putative
antioxidant features during tomato fruit development. Shown are Pearson’s correlations after ward
clustering that unveiled three metabolic clusters associated with three development cluster

corresponding to developmental phases.
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F. Discussion and conclusion

Core redox metabolism has received increasing attention for its involvement in fundamental
cellular events and its role as a signalling contributor in response to virtually all stresses (Foyer and
Noctor, 2016). Nonetheless, information is sparse about redox metabolism contribution to fruit
development, leaving its role mainly unknown. Here is the first report on the quantitative description of
ROS and major redox buffers during full development of the tomato fruit and in response to increased

ASC synthesis.

L Fruit cell division is characterised by a strong ASC oxidation and ROS

accumulation

Fecundation event is associated with a peak of ROS production activity, which is considered as
a signal for cellular reprogramming (Zafra et al., 2016). Here, we showed that the high ROS content was
maintained throughout the cellular division developmental phase despite the strong APX activity
(Figure IV.1 and IV.4). This suggests an intense cellular metabolism that agrees with a strong division
activity occurring in tomato fruit pericarp cells from anthesis until 8-10 DPA (Fanwoua et al., 2013;
Renaudin et al., 2017). Then, ROS content rapidly decreased from 14 DPA (about 10 times fold,
Figure I'V.1) and was maintained at a low level during the remaining development despite an upward
trend at the turning stage. In addition, hierarchical clustering analysis (Figure IV.7) correlated ROS with
total protein content, high sucrose content and both NAD" and NADPH, which are the most common
forms required by central metabolism (Gakiére et al., 2018b). As a sink tissue, the young fruit can be
considered as a power plant brimming with building blocks and energy, resulting in an operational
metabolism that induces a highly oxidised cell state, reflected in a high ROS content and a high oxidation
rate of ASC and GSH. Hence, this reinforces the hypothesis of a “turbo metabolism” during the
beginning of fruit development, as previously suggested by a global analysis of central enzymes and

metabolites (Biais et al., 2014).

Besides, ASC" mutant fruits showed a slight decrease in H,O, but maintained a high oxidation state of
ASC despite the increased synthesis of reduced form. In addition, high APX activity and low MDHAR
activity were observed simultaneously, indicating that ascorbate is oxidised by H,O» and maintained in
a highly oxidised state. Thus, this suggests that H>O; is produced and/or accumulated in the same cellular
compartments as ASC, resulting in its almost complete oxidation necessary for smooth cell division.
Furthermore, high levels of ROS have been identified in mammals cells to participate in the maintenance

of stem cells in an undifferentiated state (Sart et al., 2015).
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Concomitantly, GSH harboured a moderately oxidised ratio and a stronger GR capacity without apparent
correlation with H>O, content and ASC metabolism (Figure ['V.3). This suggests that reducing power is
still available in cells but is not fully used. Thus, our study reinforces the hypothesis of a finely tuned
production and/or a strictly controlled compartmentalisation of ROS. In addition, glutathione maintains
its redox state mainly reduced, even in ASC" mutants where no difference in GSSG was apparent despite

an increase in GSH and DHA contents (Figure [V.15).

Besides, untargeted metabolomic analysis revealed a specific accumulation of secondary antioxidant
features (Figure 1V.20) together with a high polyphenols content and TEAC (Figure IV.7 and 1V.16).
However, despite the occurrence of these antioxidant metabolic features and capacity, fruits showed a
highly oxidised ASC content and ROS accumulation. Thus, this implies a strict regulation of the ROS
distribution and oxidative signalling in cells during division phases. Besides, one might wonder whether
the accumulation of these secondary compounds, known for their toxicity or anti-appetent role, does not

accumulate to protect the young fruit against possible bio aggression.

To summarise, this emphasises that the fruit cell division phase is characterised by a “turbo
metabolism” associated with a strong ASC oxidation activity but a low recycling activity resulting in
ROS accumulation, in both WT and ASC™ mutants (Biais et al., 2014). However, glutathione displayed
a limited oxidation ratio suggesting that redox signalling during fruit cell division may rely more on
ASC than thiols signalling pathways, as suggested by the high DHA content in diverse fruit species
(Roch et al., 2019). Finally, the concomitance of high antioxidant capacity and high ROS accumulation
pointed out a controlled redox metabolism, which is heterogeneously distributed among the subcellular
compartments. Nonetheless, antioxidants transport remains mainly unknown and remain a central issue

in redox studies.

II. Tomato fruit cell expansion is associated with a weak redox metabolism

The cellular expansion stage is characterised by an accumulation of specialised and central
metabolites in the vacuole that triggers water influx and thus cell growth (Beauvoit et al., 2014). During
this phase, sucrose is cleaved by neutral invertase and sucrose synthase and thus participate in the fruit
sink strength (Beauvoit et al., 2014). Simultaneously, vacuole growth at the expense of the cytosol
induces a dilution effect of cytosolic compounds. Considering that major redox buffers are present in
the vacuole in small proportions, the decrease in their content observed from 14 DPA can be solely
partially attributed to the increased vacuolar volume as shown by the pyridine nucleotides concentrations

(see chapter I1T) (Decros et al., 2019b).
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Besides, cell expansion is underpinned by the increase in growth rate and the decrease in central
metabolism activity (Beauvoit et al., 2018; Roch et al., 2020), which is consistent with our observations
in both WT and ASC" fruits (Figure IV.11). From a redox perspective, cell expansion is globally
associated with a decreased content in both ROS and major redox buffers suggesting a weak redox
metabolism (Figure I'V.17). It is worth noting that the beginning of cell expansion (i.e the 14 DPA stage)
displayed the highest ASC recycling capacity (i.e. MDHAR) associated with a low oxidation capacity
resulting in a shift in ASC oxidation ratio, which could then be maintained in a reduced state throughout
this development phase (Figure [V.2A and [V.5A). Concomitantly, the GSH oxidation state reached the
almost completely reduced state despite a reduced GR capacity. Altogether, this indicates that MDHAR
is highly implicated in the control of both ASC and GSH redox states using NAD(P)H and thus links

central metabolism and redox signalling.

On the other hand, untargeted analysis unveiled a simultaneous shift of primary and secondary metabolic
pathways from 14 DPA (Figure 1V.17). This is in line with previously observed changes in hormonal
contents, enzymatic activities and flavonoids accumulation, specifically associated with cell expansion
phase (Tohge et al., 2013; Biais et al., 2014; Beauvoit et al., 2018). Overall, despite an apparent decline
in central metabolism, the tomato fruit shows active metabolic reprogramming specific to the cell

expansion phase.

At the same time, tomato fruits host endoreduplication, which starts at about 10 DPA depending
on the variety and is considered one of the drivers of cell expansion (Chevalier et al., 2011; Fanwoua et
al., 2013). Previous studies have already linked ASC and GSH with the control of the cell cycle, together
or seperatelly (Potters et al., 2002; Hendrix et al., 2020). Here, we showed that cell expansion exhibits
a distinct pattern than cell division, which is mainly characterised by a low ROS content and high
antioxidant availability and recycling capacity (Figure ['V.7). Besides, ASC" mutant fruits solely showed
differences in reduced ASC content but not in phenotypic or other metabolic variables indicating that
an increase in ASC did not influence the osmotic gradient driving the water influx (Figure 1V.17).
Hence, this suggests that ASC signalling during growth should be more dependent on the ASC redox

state than its content.

Overall, cell expansion is characterised by a strong ASC recycling capacity and a weak
oxidative metabolism resulting in a switch in ASC oxidation state from highly oxidised to reduced form
at 14 DPA. Hence, this suggests that ascorbate signalling needs to be maintained in a reduced state for
stable fruit cell expansion. From a more general perspective, this indicates that ASC might be involved
in the underlying mechanisms controlling the trade-off between mitosis and endoreduplication through

redox signalling. However, further research is needed to answer this specific question.
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11T, Tomato fruit ripening is defined by an increase in antioxidant capacity

Tomato is a climacteric species in which ripening is characterised by the arrest of growth (ie.
growth rate tending to 0) (Figure IV.11) associated with ethylene signalling and a greater starch
accumulation compared to non-climacteric species (Roch et al., 2020). Moreover, tomato ripening is
associated with a high respiratory burst resulting in an excess of energy, which is dissipated by non-
phosphorylative oxidation implicating mitochondrial uncoupling proteins and alternative oxidases
(Colombié et al., 2015, 2017). Interestingly, redox wise, the onset of ripening (i.e. the turning stage)
displayed a specific behaviour. Indeed, ROS content tended to increase (Figure 1V.1) and HCA
highlighted an enhancement of antioxidant recycling capacities associated with a peak of CAT capacity.
However, major redox buffer oxidation states remained mainly reduced together with a low APX
activity (Figure 1V.17). Hence, this suggests that the H.O, produced during the climacteric respiratory
burst is processed by CAT and not by APX using ASC in contrast to cell division. However, ASC”
mutant fruits did not show this slight H,O, increase suggesting that ROS production is more a
consequence than a signal of maturation setup. Moreover, tomato fruit ripening is characterised by a
strong accumulation in lycopenes and antioxidant volatile compounds which may participate in ROS

processing during the onset of ripening (Tohge et al., 2013; Decros et al., 2019a).

Besides, GSH content increased during orange and red stages in WT fruits but remained steady
in ASC" mutants, which suggests the need for increased antioxidant intake during maturation (Figure
1V.15). The increase in reduced antioxidant supply is normally performed by GSH, and could be
complemented by ASC, as showed by ASC" fruits. However, TEAC showed a similar capacity between
both genotypes (Figure 1V.16), thereby highlighting a co-regulation of ASC and GSH synthesis

pathways linking these redox buffers based on their reduced form availability and/or capacity.

Finally, it is interesting to notice an increase in malic acid just before ripening, which can be associated
with NAD(P)H regeneration, already been reported to be redox-regulated (Centeno et al., 2011; Yokochi
et al.,, 2021). In addition, HCA showed a strong correlation between starch, malate and NADH,
strengthening the link between redox and central metabolism before and during ripening (Figure ['V.17).
Thus, MDH appears as one of the main partners in the crosstalk between redox and central metabolism
by acting on the reducing power availability, and to a further extent, on ASC-GSH cycle at the onset of

fruit ripening.

Overall, in terms of redox, the onset of tomato fruit ripening is distinguished from other
developmental stages by a restart of antioxidant capacities, in particular catalase, which allows the
maintenance of a mainly reduced redox balance during the climacteric respiratory burst. Furthermore,
malate dynamics suggest that MDH may participate in the crosstalk between central and redox

metabolism. Nevertheless, an increase in ASC synthesis will not influence ripening from a phenotypic
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point of view, although it induces differences in GSH content, suggesting that ripening fruit must

maintain whatever reduced redox buffer is available.

CONCLUSION

To conclude, tomato fruit development is defined by a growth-phase dependent redox
metabolism. Growth-dependent changes in hormonal content, central metabolism enzyme activities and
secondary metabolic pathways have been previously reported in tomato (Tohge et al., 2013; Biais et al.,
2014; Colombié et al., 2015; Beauvoit et al., 2018; Belouah et al., 2019). In this chapter, we provide
additional quantitative data on central redox metabolism that has never been reported during fruit
development. Moreover, we demonstrate that early development is characterised by active ascorbate
oxidation resulting in a guasitotal ASC oxidation, a ROS accumulation but a moderate GSH oxidation
state indicating a finely spatially controlled redox metabolism within the cell during the cell division
phase. Secondly, the central redox metabolism showed a strong recycling capacity associated with the
transition to the cell expansion phase, highlighting the role of MDHAR as a guardian of the redox status
of ASC and GSH during fruit development. Besides, DHAR showed a low and constant activity pointing
to its negligible role from a developmental perspective as already reported in an Arabidopsis triple
mutant, although a role during stress signalling by modulating glutathione redox state (Rahantaniaina et
al., 2017). Furthermore, the turning stage is defined by a reboot of central metabolism activity whose
redox repercussions will be managed by CAT, in contrast to the cell division phase. Finally, the increase
in ASC synthesis within pericarp cells showed a limited impact, on fruit growth and metabolism but has
enabled us to identify a co-regulation of GSH and ASC content independently from the ASC-GSH cycle
activity. However, ascorbate is involved in a myriad of stress responses, and the effects of the increased

synthesis remain to be assessed under various stress conditions.

Overall, core redox metabolism showed a growth-dependent behaviour during tomato fruit
development, suggesting a dynamic reprogramming between developmental phases. Among the
contributors of the ASC-GSH cycle, MDHAR appears as the major actor in the control of ASC and GSH
redox state, whereas DHAR and GR seem less implicated in developmental processes. However, further
studies are needed to decipher the regulations and mechanisms underlying this changing redox

metabolism, in which antioxidant transport appears to be a bottleneck.
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Supplemental fig IV.1: NADP(H) (A) and its redox state (B) in WT and ASC’ mutant fruits during

development. Statistical significance content is indicated by ANOVA p-value. Binary comparisons

between growth stages within the same genotype are indicated by letters (in colors according

legend) according to Tukey test (p < 0.05).
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Supplemental fig IV.2: NAD(H) (A) and its redox state (B) in WT and ASC’ mutant fruits during

development. Statistical significance content is indicated by ANOVA p-value. Binary comparisons

between growth stages within the same genotype are indicated by letters (in colors according to

legend) according to Tukey test (p < 0.05).
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Supplemental fig IV.3: GR (A), MDHAR (B) and DHAR (C) in WT and ASC' mutant fruits during
development. Statistical significance content is indicated by ANOVA p-value. Binary comparisons
between growth stages within the same genotype are indicated by letters (in colors according to
legend) according to Tukey test (p < 0.05). Binary comparisons between genotypes for the same

growth stage are indicated by stars according to Tukey test (p < 0.05).
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Supplemental fig IV.4: APX (A) and CAT (B) in WT and ASC’ mutant fruits during development.

Statistical significance content is indicated by ANOVA p-value. Binary comparisons between

growth stages within the same genotype are indicated by letters (in colors according to legend)

according to Tukey test (p < 0.05). Binary comparisons between genotypes for the same growth stage

are indicated by stars according to Tukey test (p < 0.05).

159



Chapter VI. Supplemental figures

!l'

|

|

'y

|

— -
— —
T e— S—
———
— | -
—— —— -

S— = .__.—__ === —
£ 5= 2 = 2 5 2 2 5 = 2 5= 2 =2 s = s s = =
S 4 5 p s ~ S 5 3 :_u' =4 :|| S 5 4 4 4 4 £ =

o -~ - N oW - N

Egc o o 9 S E P g g 5 ® o © as e -

23333272 3393933 853°¢%

& & T > 7% o 8 @8- 2 2 » » » » 2 »

I 1
Cell division Ripening Cell expansion

Supplemental fig IV.6: Hierarchical clustering analyses of 3482 significant (ANOVA, p < 0.05)

metabolic features during tomato fruit development. Shown are Pearson’s correlations after ward

clustering that unveiled three metabolic clusters associated with three development cluster

corresponding to developmental phases.
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Supplemental fig IV.7: Hierarchical clustering analyses of 672 significant (ANOVA, p < 0.05)
metabolic features during tomato fruit development. Shown are Pearson’s correlations after Ward
clustering that unveiled three metabolic clusters associated with three development cluster

corresponding to developmental phases.
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CHAPTER V

ENZYMIE-BASED
KINETIC MODELLING
OF THIE ASC-GSH
CYCLE DURING
TOMATO FRUIT
DEVELOPMIENT




ABSTRACT

The ascorbate-glutathione cycle is at the heart of redox metabolism, linking the major redox
buffer and their redox state with central metabolism through H,O, processing and pyridine nucleotide
metabolism. Previous changes in major redox buffer contents and their associated enzyme capacities
have been observed during tomato fruit development but interactions between them remain unclear.
Based on quantitative data obtained for the core redox metabolism (Chapter I'V), we built an enzyme-
based kinetic model able to predict core redox fluxes and metabolite content. This model was further
validated using data from ASC-enriched mutants allowing us to investigate the control of ASC content

within fruit tissues.

Dynamic and associated regulations of the ASC-GSH cycle throughout the whole fruit development
were analysed and pointed to a sequential metabolic control of redox fluxes by ASC synthesis,
NAD(P)H and H,O, availability depending on the developmental phase. Moreover, MDHAR and
reducing power availability were highlighted as the major regulators of ASC and GSH redox state during

fruit growth in optimal conditions.

Finally, cross-validation using ASC-enriched fruits demonstrated that ASC content could be augmented
in fruit solely by an increase of ASC synthesis up to a certain threshold, from which potential redox

signalling was hindered.
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The dynamic depiction of redox fluxes by deciphering redox signatures in plant biology is
extremely tedious, if not impossible, probably due to the extreme reactivity of ROS and related redox
signals, and to the intricacy of the redox hub. Moreover, the complexity of synthesis and degradation
pathways of major redox buffers as well as their high level of reactivity complicate the analyses of redox
fluxes. Multiple studies have evaluated the ASC-GSH cycle in photosynthetic cells (Foyer and Noctor,
2016; Foyer, 2018; Hashida et al., 2018; Terai et al., 2020). For decades, targeted studies based on
reverse genetics and enzyme purification have focused on the functional and biochemical
characterisation of the ROS processing enzymes of the ASC-GSH cycle (Mhamdi et al., 2010b; Sofo et
al., 2015; Ortiz-Espin et al., 2017). However, metabolic control analysis in plant biology demonstrated
that the influence of a specific enzyme could not be solely inferred from its over- or under- expression
and that all enzymes and metabolites in the system needed further consideration (Thomas et al., 1997).
Therefore, an exciting and promising alternative to measurements of redox pools and antioxidant
systems is the use of mathematical modelling of metabolism (Rohwer, 2012; Salon et al., 2017),
particularly for redox pathways. Enzyme-based kinetic modelling allows the description of metabolic
and signalling networks by investigating fluxes and their regulations (Schallau and Junker, 2010). For
instance, previous kinetic models of the ASC-GSH cycle have been developed, including studies on the
mechanism of APX, which demonstrate a great sensitivity of the cycle in response to NADPH
photoproduction or consumption by the Calvin cycle (Valero et al., 2009, 2015). In addition, the role of
CAT in photosynthetically active leaves has also been investigated through kinetic modelling unveiling
that low concentrations (below pM) of H,O> rarely occur in cells and that ROS are processed by both
APX and CAT under optimal conditions (Tuzet et al., 2019). Moreover, the authors demonstrate that
the ASC turnover is largely independent of GSH metabolism until ASC peroxidation exceeds a certain
value and that NAD(P)H availability indirectly influences the GSH redox ratio via the control of
MDHAR activity (Tuzet et al., 2019). However, cross-validation of these models using independent

datasets remains a critical issue.

Interestingly, kinetic models can be used to identify controlling steps of a specific pathway using
in silico analysis, allowing new hypotheses to be generated (Morales et al., 2018). Furthermore,
antioxidant metabolites are gaining interest because of their benefits for human health (Wargovich et
al., 2012; Alseekh et al., 2021). Nevertheless, breeding strategies based on reverse genetic studies that
aim to increase the ascorbate content in fruits encounter limited success (Gallie, 2013). However,
emerging modelling approaches should be a useful complementary tool to investigate the regulations
and the accumulation of a targeted metabolite. Indeed, kinetic models will provide a better understanding
of the metabolic regulations in cells by identifying limiting steps or substrates, which are not highlighted
by the classic genetic approach. Hence, the combination of metabolic modelling and reverse genetic will

help to address breeding issues.
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The present study aims to provide a kinetic model able to calculate steady-state concentrations
of ROS and major redox buffers, including ASC, GSH and NAD(P)(H), as well as their oxidation state,
and associated fluxes during tomato fruit development. In addition, this model allows analysing the
effect of ascorbate synthesis on the ASC-GSH cycle during fruit development. This will help provide a
deeper understanding of the reactive redox metabolism and, more specifically, ascorbate metabolism
during fruit development. Even more so, our kinetic-based model represents a valuable tool that could

benefit future studies of ASC-GSH cycle in a range of physiological contexts.

A. Ascorbate-glutathione model construction and parametrisation

A kinetic model of the ASC-GSH cycle was built according to Figure V.1. The model can be
divided into 3 compartments: cytosol, vacuole, and apoplast where specific reactions occur. It is
assumed that vacuole contains solely a few antioxidant metabolites, that no reactions occur, and its only
role is to sequestrate oxidised glutathione, as already reported in a previous modelling study (Tuzet et

al., 2019).

Apoplast has been included to account for the NADPH oxidase as an active ROS producing system and
allow an extracellular ROS diffusion potentially involved in long-distance signalling pathways (Foyer

and Noctor, 2016; Decros et al., 2019a).

The core network of the model is based on the Arabidopsis ascorbate-glutathione cycle
described in chloroplasts by Polle (2001) and modified by Valero et al. (2015). However, these previous
models have been dedicated to plastids and leave tissues and did not take into account either CAT (e.g.
mostly peroxisomal) or MDHAR enzymes. The parameterisation of the model was based on the
literature and novel experimental data. Since Michaelis constants (Kn) can display considerable

discrepancies in the literature or database (https://www.brenda-enzymes.org/), we used K preferably

from studies in tomato or other plants and assumed they remain constant during all the tomato fruit

development (Table [V.1).

Enzyme capacities and metabolites concentrations were determined by fitting experimental data using
linear or nonlinear regressions (Supplemental Table 1V.1). Cytosolic and vacuolar volumes were
obtained from a previous kinetic-based model focused on vacuolar sugar transport in growing tomato
fruit (Beauvoit et al., 2014). The model consists of 8 differential equations as a function of the 19
reactions (see Annex 2), of which seven are enzymatic. Each enzymatic activity involved in the cycle
has been implemented considering its specific catalytic mechanism. Biochemical reactions, rate
equations, parameter setting and corresponding references are listed in Table TV.2 and TV.3. A model

for each developmental stage has been generated to be solved at a quasi-stationary state, representing
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the fruit development as a series of quasi-stationary state models. However, this model has limitations,
such as the assumption that pyridine nucleotide concentrations remain constant at each stage but display
discrepancies from one stage to another. Besides, relative measurements of ROS-processing secondary
antioxidants using LCMS demonstrated that secondary redox metabolism was also highly plastic during
tomato fruit growth (see chapter TV, Figure 1V.20). However, the absence of quantitative data may
hinder the global and comprehensive evaluation of the entire redox metabolism. These specific points

will be discussed in light of the findings of our study.
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Figure V.1: Schematic network of ASC-GSH cycle in tomato fruit pericarp cell. Dashed arrow stands
for non-enzymatic reactions (i.e. chemical reactions and transports) whereas full black arrows stand
for enzymatic reaction included in the model (v, to v,). vac: vacuole; cyt: cytosol; apo: apoplast;
GSH: reduced glutathione; GSSG: oxidised glutathione; ASC: ascorbate; DHA: dehydroascorbate;
MDHA: monodehydroascorbate; RBOH: respiratory burst NADPH oxidase; APX: ascorbate
peroxidase; DHAR: dehydroascorbate reductase; MDHAR: monodehydroascorbate reductase; GR:
glutathione reductase; H,O,: hydrogen peroxide. 167
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Variable Initial value Unit Reference
K napx 0.325 mM Polle, 2001; Tuzet et al., 2019
Kongex 0.03 mM Polle, 2001; Tuzet et al., 2019
K mglegz 24 mM Polle, 2001; Tuzet et al., 2019
Km%{,’gﬁ‘* 0.0014 M Hossain and Azsgggz ;g?g, Valero et al.,
Kmxgg( . 0.023 M Hossain and Azs(a)lgg: ;(9)?2, Valero et al.,
nggﬁR 0.07 mM Polle, 2001; Valero et al., 2009, 2015
K iDHAR -ngg;f 0.5 mM? Polle, 2001; Valero et al., 2009, 2015
Kmpligr + Konptigr 2.5 mM Polle, 2001; Valero et al., 2009, 2015
nggs . 0.2 mM Polle, 2001; Valero et al., 2009, 2015
mSR o 0.003 mM Polle, 2001; Valero et al., 2009, 2015
KmégSch 0.4 mM Tuzet et al., 2019
k(,MDH A dismutation 0.03 mM.min™ Polle, 2001; Valero et al., 2009, 2015
RS/ parecycling 1.6x 107 mM.min™ Polle, 2001; Valero et al., 2009, 2015
KH,05 411 pusion 0.1 min™ Valero et al., 2015

Table V.1: Km and catalytic constant values fixed during development in the model.
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Flux Reaction Rate equation
CAT Hy0, - H,0+ 1/, 0, VT"‘”‘IC(I:HT*M
APX H,0, + 2 ASC - 2 H,0 + 2 MDHA “ Vinazapx [ASCI[H,0,]
K oo [H20,] + Kinsr,o, [ASC] + [ASC][H,0,]
MDHA + NAD(P)H — ASC Vinaxupuar INAD(PYH][MDHA]
MDHAR +NAD(P)* Konynoco IMDHAL + Ko [NAD(P)H] + [MDHA][NAD (P)H]
(P)H MDHA
DHAR DHA + 2 GSH — ASC + GSSG Vmaxpiyge [CSHIIDHA]
Kips * Kmons ¥ Kmpua[GSH] + (Kmps, + Ky, )IDHA] + [DHA][GSH]
GR GSSG + NADPH - GSH + NADP* Vaxs [VADPHIIGSSC]
Koy appy [GSSG] + Ko o [NADPH] + [NADPH][GSSG]
ASCoyninesis - ASC Optimised constant flux
DHAegragation DHA > Kot agradacion * DHA]
DHAchemicul recycling DHA + GSH — GSSG + ASC ksyDHArecycliny X [GSH]cyt X [DHA]
DHAimport — DHA Optimised constant flux
ASCdilution ASC - Vacexpensionfactw X [ASC]
DHAdilution DHA - Vacexpensionfactw X [DHA]
GSSGdilutiun GSSGvaC - Vacexpensionfucmr X [GSSG]vac
GSHsynthesis - GSH Optimised constant flux
GSSG GSSGeyr = GSSGyqc Vinaxapee X [GSSGleye

vacuolar gccumulation

Kméggg + [GSSG].ye

HZ Ozdiffusion

H, Ozcy[ © H, OZaPD

(kflzozdwusi,m X [HZOZ]cyE) - (kﬂzozdwusion X [H202]apo)

Hz Ozcytnsnlic production

- Hzozcyt

Optimised constant flux

MDHAchemical recycling

2MDHA - DHA + ASC

kGMDHA tismutation [MDHA]Z

NADPH oxidase

NADPH + 0, > NADP* + H,0,

kNADPH oxidase X [NADPH] X 02

Table V.2: Biochemical reactions and associated rate equations included in the model.

8 DPA 14DPA | 21DPA | 28 DPA | 35DPA | Turning Orange Red

Vmaxr 0.149373 | 0.113377 | 0093566 | 0.084643 | 0.079827 | 0.074646 | 0071467 | 0.060499
(umol.min-1.gFW-1)
Vinmaxapx 2414462 | 0186053 | 0192455 | 0.184706 | 0327797 | 0291039 | 0252357 | 0.280559
(umol.min-1.gFW-1)
Vimaxmpuar | 0384798 | 0503311 | 0533214 | 0470354 | 0380515 | 0310963 | 0.293011 | 0.287270
(umol.min-1.gFW-1)
Vinaxpnar 0.011663 | 0.009793 | 0.008808 | 0.008547 | 0.008672 | 0.008919 | 0.008996 | 0.008938
(umol.min-1.gFW-1)
Vinaxcar 303.505 192311 191.275 264.685 345.185 365.422 338.955 156.264
(umol.min-1.gFW-1)
!’t’icyt 0.295007 | 0.160545 | 0.108439 | 0.090100 | 0.081962 | 0.076322 | 0.076215 | 0.075966
o
!’t’iapo 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
o
{QGI)? 9.75x105 | 9.11x105 | 757x105 | 513x105 | 2.69x105 | 1.15x105 | 7.69x10¢ | 2.87x10¢
min-

+
fVAlewq 0.022299 | 0012231 | 0.008346 | 0.007320 | 0.007495 | 0.008134 | 0.008374 | 0.008355
pmol.gFW-
fVAPg”) 0.001467 | 0.000989 | 0.000607 | 0.000392 | 0.000289 | 0.000266 | 0.000280 | 0.000409
pmol.gFW-

N
NADP 0.00714 0.00470 0.00367 0.00358 0.00356 0.00146 0.00377 0.00334
(umol.gFW-1)
fVAPf:vfg 0.00284 0.00233 0.00147 0.00152 0.00128 0.00367 0.00145 0.00095
pmol..gFW-

Table V.3: Parameters setting during tomato fruit development.
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L ROS processing enzymes involved in the model

1. Catalase (CAT)

Catalase harbours a low affinity for H,O, compared to other enzymes as it displays high K,
values in plants (from 10 to 140 mM), resulting in an almost linear CAT activity as H.O» is increasing,

even to values that are supra-physiological (Mhamdi et al., 2010b).

Thus, the catalytic mechanisms of catalase follow more pseudo-first-order kinetics than Michaelis-

Menten kinetics within the range of physiological H,O, range.

Vm [HZOZ]

axcAar

K,

mcAr

vy = Vear(H;0; - H,0 + 1/2 0;) =

2. Ascorbate peroxidase (APX)

Ascorbate peroxidase possesses a higher affinity for H,O, than catalase and leads to the
oxidation of ascorbate to monodehydroascorbate. This enzyme is a class I heme peroxidase whose
catalytic mechanism involves an oxidised intermediate (compound I), that will be subsequently reduced

by two single-electron transfer steps. The APX flux can be expressed by the ping-pong bi-bi mechanism:

v, = Vapx (H,0, + 2 ASC > 2 H,0 + 2 MDHA) =

VmaxApX [ASC] [H2 02]
KmASC [HZ 02] + KmH202 [ASC] + [ASC] [HZOZ]

II. Antioxidant recycling enzymes involved in the model

1.  Monodehydroascorbate reductase (MDHAR)

Monodehydroascorbate reductase catalyses the reduction of MDHA to ASC using NAD(P)H as
an electron donor. This enzyme was previously described with a ping-pong mechanism and has been
implemented in the model. To mimic the capacity of MDHAR to use either NADH or NADPH,
MDHAR flux is expressed as two equations, each of one using a specifically reduced cofactor, whose

K, values were assumed to be the same.
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V3 = ViypHaryppy (MDHA + NADPH — ASC + NADP*) =

Vinaxspuag INADPHI[MDHA]
Ky aop IMDHA] + Ky [NADPH] + [MDHA][NADPH]

and

V3, = ViypHarypy (MDHA + NADH — ASC + NAD*) =

Vinaxuopan INADHI[MDHA]

2. Dehydroascorbate reductase (DHAR)

Dehydroascorbate reductase catalyses the regeneration of ASC from DHA using GSH as an
electron donor. Kinetic analysis revealed that this enzyme regenerates ASC by a bi uni uni uni ping-

pong mechanism. The following equation has been used in the model:

VmaxDHAR [GSH] [DHA]
Kippn * Kmgss T KmppualGSH] + (Kmggpy + Kmgsy, ) IDHA] + [DHA][GSH]

K, , is the equilibrium constant between DHAR, DHA and the enzyme-substrate DHAR-DHA
complex. Ky, ., and K .. are K, values for the first and second-binding molecules of GSH,

respectively. The sum of these values has been used in the model since it is impossible to distinguish

them separately in kinetic assays (Valero et al., 2015).

3. Glutathione reductase (GR)

Glutathione reductase achieves the recycling of GSH by reducing GSSG using NADPH as a
reductant. Kinetic studies revealed that this enzyme operates according to a bi-ter ping-pong mechanism

allowing the modelling of its rate as:

v5 = Vggr (GSSG + NADPH - GSH + NADPY) =

Vinaxeo INADPH][GSSG]
Ko aop|GSSG + Kin oo . [NADPH] + [NADPH][GSSG]
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In addition, non-enzymatic reactions concerning superoxide anion dismutation, hydrogen
peroxide processing have been excluded after showing negligible fluxes whereas non-enzymatic

monodehydroascorbate reduction has been included (Figure V.1; vy).

IIT. Parameters estimated by the model

The initial parameterisation of the model left seven parameters unknown, namely, H»O;
production (v;), NADPH oxidase activity (vg), ASC synthesis (vg), DHA import (v;5), DHA
degradation (v41), GSH synthesis (v;,) and GSSG transport in the vacuole (v;3) (Figure V.1). Values
of these parameters were optimised for each stage by fitting the experimentally measured contents for
total and reduced ASC, total GSH and GSSG, H,0, and both redox states of ASC and GSH. Briefly,
parameter values were randomly searched by least square minimisation using a particle swarm
algorithm. The whole iterative process was repeated using the Curta cluster housed by the Mésocentre
de Calcul Intensif Aquitain (MCIA) using randomised initial conditions, at the end of which the 100
best values were retained for each stage. Median parameters obtained from optimisation results were
used to calculate steady-state content in redox buffers, their redox state and total ROS concentration

(Baker et al., 2010).

1.  Antioxidant inputs

To obtain a realistic model of the ASC-GSH cycle in developing tomato fruits, inputs of reduced
ASC and GSH (vq and v;,, respectively) have been added that stand for their synthesis pathways. An
input of DHA (v,) has also been inserted to mimic this potential transport of ascorbate from vegetative
tissues as suggested by several lines of evidence (Horemans et al., 2000; Pignocchi and Foyer, 2003;
Pignocchi et al., 2006). In addition, the occurrence of ascorbate oxidase activity in the apoplast has been
reported to participate in numerous signalling pathways by maintaining the redox state of ascorbate
mainly oxidised in the apoplast during various developmental and stresses events (de Pinto, 2004;

Pignocchi et al., 2006; Li et al., 2017a).

2. Antioxidant outputs

As inputs were implemented in the model, some outputs were required to obtain an available
steady-state. Outputs reflecting the dilution effect of growth during tomato development were added for
ASC, DHA and GSSG according to the previous sugar metabolism kinetic models (Beauvoit et al., 2014;

Génard et al., 2014). For each stage, a cytosolic and vacuolar expansion factor has been calculated by
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multiplying the pool size by the relative growth rate and the respective compartment volume. Moreover,
an ASC degradation pathway (v, ) has been included starting from DHA that leads to the accumulation

of threonate and oxalate in tomato fruit (Truffault et al., 2017).

3. Hydrogen peroxide inputs

Considering that the stability of 09~ is extremely low, the most stable form of ROS is assumed to be
H,0> (Smirnoff and Arnaud, 2019). In addition, SODs are powerful enzymes that harbour pseudo-first-
order kinetic rates as high as 2x10° .M™.s? (Ogawa et al., 1995), allowing an almost immediate
dismutation of 0%~ into H.O, (Valero et al., 2015) thus ROS sources included in the model are

considered to produce H»O, directly.

Two ROS sources have been included in the model. The first one reflects the activity of mitochondrial
and chloroplast metabolisms and glycolate oxidase activity within the photorespiratory cycle.
Furthermore, the second H,O; production flux aims at simulating the activity of the respiratory burst
NADPH oxidase located in the apoplast. However, this model seeks to describe the redox metabolism
at the cellular scale and will not be able to deepen the understanding of the contribution of the different

ROS sources to the redox balance.

4.  Transport processes

Although there are many lipophilic antioxidants, it is considered here that H,O, can freely
diffuse across the plasma membrane, thus linking the apoplastic and cytosolic ROS pools. Furthermore,
the H2O, diffusion across the plasma membrane combined with NADPH oxidase activity can be seen as
a potential mechanism leading to the accumulation of ROS within the apoplast. A reversible mass action
law was used to simulate H,O, diffusion. Besides, a flux of vacuolar sequestration of GSSG has been
included as previously modelled in Arabidopsis leaves (Tuzet et al., 2019), and corresponding to a
Michaelis-Menten kinetic irreversible transport of GSSG using ABCC type transporter (Lu et al., 1998;

Tommasini et al., 1998).
V13 = Vagce (GSScht - GSSGvaC) =

|4

maxapcc

KmABCC [GSSGCyf] + K

[GSSGy:|[GSSGrac]
GSSGyacl + [GSSGryt|[GSSGrac]

ABCC[
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B. The necessity of a spatially controlled ROS production for model fitting

The model encompasses fruit growth from 8 DPA until 52 DPA, which corresponds to the red
ripe stage of tomato fruit. The system of differential equations was solved for each of the 8 sequential
development stages, thus making pericarp cell growth a succession of quasi-stationary states. It is worth
noting that our model did not take into account the different ROS production sources (photosynthesis,
photorespiration and respiration) within the cell because the lack of information concerning their
dynamic during fruit growth makes it impossible to parameterise a such fine-tuned model. Moreover,
superoxide synthesis was not implemented in the model, assuming this species to be entirely chemically
and enzymatically dismutated to hydrogen peroxide owing to the high catalytic capacity of SOD (Bowler
et al., 1994; Valero et al., 2015).

Unknown parameters (Figure V.1; v; to vi3) were optimised by least-square fitting using an
unsupervised particule swarm algorithm, and the median value of the top 100 best scorings were used
in the model (Baker et al., 2010). The median values for optimised parameters obtained through the
optimisation procedure display discrepancies during fruit development (Supplemental fig V.1, 2). The
dispersion of the optimisation results indicates to some extent the significance of these parameters for
model fitting. For instance, ASC and GSH synthesis are more stringent than DHA import and V agcc,
indicating that synthesis fluxes have a greater impact than transport fluxes on the model
(Supplemental fig V.1). In general, optimised parameters show the same trend as metabolite data. For
instance, ASC synthesis flux follows the dynamic of total ASC by harbouring its highest value during
the beginning of the development, then rapidly drops during cell elongation before a small resumption,

at the turning stage.

Furthermore, the median model for the 8 DPA stage obtained after optimisation showed a total absence
of reduced ascorbate and a low H,O, content (Supplemental fig V.2, 3) while displaying a very high
ROS production flux (Supplemental fig V.3). Under these conditions, fitting the H>O, content at an early
stage was impossible because the ROS produced would be treated immediately either by APX, until it
reached its maximum capacity and/or ASC had been totally consumed, or by catalase that could handle
supra-physiological ROS production flux. In addition, we observed an increase in ascorbate oxidation
ratio at turning followed by an increase in reduced and total glutathione at orange and red stages
(Supplemental fig V.3, 5). Finally, this parameterisation was not able to produce a model that can reach
a steady state at 35 DPA and thus failed to describe redox metabolism during the whole fruit

development (Figure V.2A).
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Overall, taking into consideration all measured variables (7.e. metabolites and redox ratio) and
all stages, right-tailed Chi-square was performed to validate model prediction, which ended with a high
value (Figure V.2.A; Chi2 = 57.68, p > 0.05). Moreover, the log-log plot showed that this
parameterisation of the model predicted values distant from the experimentally obtained for several

variables (7.e. HO,, GSH and ASC oxidation ratios and total GSH) (Figure V.2.A).

To address these limitations, we optimised our model by including two major redox functions:
1) apoplastic NADPH oxidase activity producing H»O, that is not processed by cytosolic antioxidant
machinery, and 2) a passive diffusion flux of ROS through the plasma membrane. Overall, the
optimisation procedure provided suitable values for all unknown parameters and allowed matching
between predicted values obtained using the model and the experimental values, throughout the whole
fruit development (Figure V.1, 2B and Supplemental fig V.3, 4, 5). A good fit for total ASC content was
observed, whereas model predictions for reduced and oxidised ASC, and thus its oxidation ratio, could
be noticed at 8 DPA. Indeed, the model predicted an oxidation ratio close to 100% while the
experimental data show a ratio of about 75% (Supplemental Fig V.3). However, the sum of weighted
square errors showed a substantial decrease compared to the first model version (Figure V.3), and
overall, the predictions obtained for all metabolic features ended with a lower Chi-square and higher
goodness (Figure V.2B; Chi2 = 1.57, p >> 0.05). Altogether, our results indicate that the optimised model

allows predicting accurately ROS and major redox buffer contents during all tomato fruit development.

Meanwhile, apart from H,O, production flux, the median values for optimised parameters did
not show significant differences between the two versions of the model (Figure V.2). However, the
dispersion of these parameters seemed reduced in the model including NADPH oxidase (Figure V.1).
On the other hand, it was difficult to compare H,O; cytosolic production flux and k1_INADPH oxidase,
which represented a ratio of V4, /Ky, (Figure V.2), Therefore, the model is intended to be used at the
cell scale level, and the total H,O, production flux should reflect the sum of the activities of ROS

sources.
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C. In silico approach to mimic ASC-enriched mutant behaviour for model

validation

To ensure the robustness of the model predictions, cross-validation using independent
experimental data set is required. Therefore, our model was validated using a heterozygous mutant line
enriched in ASC due to higher ASC synthesis. This line was characterised in a previous study to which
I contributed (Deslous et al., 2021). ASC-enriched mutant fruits displayed differences in ASC content
without significant discrepancies neither in enzymatic capacities of enzymes involved in the ASC-GSH
cycle nor in phenotypical variables (data shown in chapter IT). Therefore, this allowed us to keep the
same parameterisation from the original WT model to study the effects of an increase in ASC synthesis

for fruit redox metabolism.

In the model, an increase in total ascorbate content was reproduced in silico for each
developmental stage by enhancing only one parameter: either the input of ASC to mimic the rise in
synthesis, or the input of DHA that simulated an import from sink tissues. Figure V.4 shows the results
of a titration of the ASC synthesis flux up to 8 times the value of the WT, with all other parameters
remaining at their WT values. Strikingly, an increase in ASC synthesis flux led to a sharp accumulation
of reduced ASC and thus a swift rise in total ASC content. Discrepancies were observed between
developmental stages but the maximum change in ASC synthesis compared to WT was up to 5-6 times
at 8 DPA, suggesting that a too high increase in synthesis flux could result in unrealistic ASC content

in pericarp cells.

Besides, an increase in DHA input up to 8 times the level of the original model was not able to induce
a significant accumulation of ASC regardless of the developmental stage (Figure V.4). We then
determined the response of the total ASC content to changes in its input values by using metabolic
control analysis (MCA) to calculate response coefficients (Kacser and Burns, 1973; Heinrich and
Rapoport, 1974). The total ASC content is positively sensitive to both DHA and ASC input but in
different orders of magnitude, from 10 to 10°® and from 0.5 to 6.5, respectively (Figure V.4). Moreover,
discrepancies in the response coefficient were observed during fruit development, showing differential
sensitivity to the increase in both inputs depending on the growth stage (Figure V.4). The sensitivity of
total ASC content to augmented ASC synthesis was high as the vacuole expanded and low during

ripening, thus following the trend of the relative growth rate.
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Overall, our in silico simulations emphasise that the ASC-enriched phenotype observed in
mutant fruits can be reproduced by solely enhancing the ASC synthesis of fruit cells. According to the
model, importing DHA from leaves could never achieve this level of ASC. This is congruent with the
dispersion observed for these optimised parameters (Supplemental fig V.1) and a previous study

reporting that the ASC level in fruit is not influenced by ASC synthesis in leaves (Gautier et al., 2009).

Simultaneously, the ASC oxidation ratio is strongly and negatively sensitive to an increase in
ASC synthesis, resulting in an oxidation state of ASC sharply tending towards 0% and appearing
buffered at this value which deviated from the experimental data (Supplemental Fig V.7). This could be
explained by the oxidised forms of ASC (e.g. DHA and MDHA) that are unstable in the cytosol, which
in turn could over-reduce the predicted ASC pool when the reduced form increased (Deutsch, 2000).
Discrepancies between experimental and predicted values could be explained by the presence of several
ASC oxidases present in the apoplast that maintain the apoplastic pool (Pignocchi and Foyer, 2003;

Pignocchi et al., 2006; Li et al., 2017a). This pool is mainly oxidised and not considered in the model.

Interestingly, the 8 DPA stage showed a threshold value for ASC synthesis from which the total ASC
content augmented exponentially together with a switch of oxidation state (Supplemental Fig V.6).
Excessive increase in ASC synthesis led to higher total ascorbate while buffering its oxidation state near
0% and therefore inhibiting the associated signalling pathways required for normal plant development.

Interestingly, this is congruent with the failure of this strategy during breeding history (Gest et al., 2013).

To analyse the goodness of fit of the mutant data, the WT model was run at each developmental
stage by setting the respective ascorbate synthesis at a value that enabled ascorbate content to be close
to that of the mutant (see Supplemental table V.2 for values). Corresponding predictions regarding
redox buffers and ROS were compared. Although differences in GSH content were to be noticed at the
beginning and the end of development compared to ASC-enriched fruits (Supplemental Fig V.7).
Overall, we noticed no significant differences with the experimental data (Chi2 = 9.36; p > 0.05) at the
scale of whole fruit development (Figure V.5). The sum of weighted square errors showed a reduced
model fitness at the turning stage, mainly due to the slight peak of H.O, observed in WT but missing in
the mutant (Figure V.6 and Supplemental Fig V.8). Overall, predicted values obtained with an increased
ascorbate synthesis were consistent with both the mutant experimental data and the original model

optimised using the wild-type data.

Hence, our two-step modelling approach, i.e. a parameters optimisation using the wild-type data
only and subsequent cross-validation of the model using independent mutant data, enabled us to
investigate the control of major redox buffer content and ROS processing during the whole fruit
development. This study thus provides a valuable tool to evaluate redox fluxes in various physiological

contexts.
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D. Dynamics of the ASC-GSH cycle during tomato fruit development

Using unidimensional hierarchical clustering analysis (HCA), the comparative analysis
combining flux and enzymatic capacity evolution patterns revealed three distinct clusters (Figure V.7).
The first cluster included variables involved in green fruit development before decreasing from 35 DPA
until the end of development (e.g. DHAR, GR and GSH synthesis fluxes, MDHAR capacity and fruit
relative growth rate). The second cluster encompassed maximal fluxes and capacities during cell
division before rapidly decreasing during cell expansion, most of which rebounded specifically at the
turning stage (e.g. APX, MDHAR, ASC synthesis, DHA import, DHA degradation and chemical
recycling of MDHA fluxes). The last cluster separated clearly and contained only enzymes capacities

that were high either during fruit growth (e.g. APX and DHAR) or maturation (e.g. CAT) (Figure V.7).
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Figure V.7: Unidimensional hierarchical clustering analysis of fluxes and enzymes capacities

involved in the ASC-GSH cycle and ROS processing.

It is worth noting that the modelled fluxes did not behave like the corresponding enzyme
capacities (Vmax). Indeed, none of the fluxes was found in the same cluster as their respective capacity.

This thus suggests that variations in enzyme capacities, which was measured in optimal assay conditions,
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do not reflect their actual 7in vivo activity (Beauvoit et al., 2014; Stitt and Gibon, 2014), at least for redox
enzymes. Overall, this HCA suggests that redox metabolism, especially ROS processing and ASC

recycling, is mostly represented during the cell division phase and the ripening of tomato fruit.

In the first cluster, the fact that DHAR, GR and GSH input fluxes were separated from total
H,0> production, CAT, APX and MDHAR fluxes suggests that ROS processing in tomato fruit is more
dependent on ASC recycling through MDHAR activity and NADPH consumption than DHAR activity
and GSH consumption. Moreover, MCA analysis of DHAR and GR fluxes (Supplemental Fig V.9)
showed that they were mainly controlled by the GSH input and GR itself. This thus indicates that they
act as pseudo first-order reactions limited by GSH availability. In addition, these fluxes were only
weakly sensitive to the other parameters but were firmly controlled by a disturbance of GSH metabolism.
Finally, the presence of the relative fruit growth rate in this cluster suggests that ROS processing and

fruit growth exhibit different behaviours.

The second cluster showed a stronger association between ROS production and CAT flux than
APX flux, since CAT processes the majority of ROS, especially at the beginning of development
(Figure V.8). This agrees with previous statements indicating that fruit photosynthesis is negligible
(Lytovchenko et al., 2011) and that majority of ROS would come from the photorespiratory pathway
associated with CAT (Hagemann et al., 2016). However, the secondary antioxidant metabolites are not
included in our model and their participation in ROS processing is attributed to CAT due to its high
catalytic capacity. Nonetheless, APX and MDHAR fluxes displayed a strong increase at the turning
stage together with a restart of ASC synthesis, suggesting an active ASC metabolism associated with a
fine-tuning of its redox state at the onset of ripening. Remarkably, this further indicates that the ASC-
GSH cycle is mainly driven by the APX-MDHAR duo than by the APX-DHAR-GR trio during tomato

fruit development.
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Figure V.8: Contribution of catalase (green) and ascorbate peroxidase (red) to the total ROS

processing during tomato fruit development.

182



Chapter V. Top-down modelling approach

L ASC-GSH cycle fluxes are mainly limited by reduced ASC supply during fruit

cell division

Metabolic control analysis (MCA) was performed to analyse the regulation of the enzymes

involved in cluster 2 (i.e. CAT, APX and MDHAR), thus identifying three distinct patterns during the

development. Firstly, for the 8 DPA stage (i.e. during the cell division phase), APX flux was positively

controlled mainly by the ASC synthesis and, to a lesser extent, by MDHAR (Figure V.9). This suggests

a limitation of APX by the supply in reduced ASC (Supplemental fig V.10). At the same time, CAT

flux was only influenced by ROS production, and MDHAR flux was positively controlled by itself but

not by APX or ASC synthesis (Figure V.9), thus reflecting a limitation of the MDHAR activity by

NADH and NADPH supply rather than MDHA availability (Supplemental fig V.11). Therefore, during

fruit cell division, ROS production exceeds the capacity of APX flux, which is limited by the supply of

reduced ASC, leading to H,O, accumulation observed at this stage (Supplemental fig V.4).
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Furthermore, the reduced availability of reducing power (NAD(P)H) limited the flux of
MDHAR, thus inducing a control of the ASC pool mainly by the ASC synthesis flux. In addition, the
limitation of MDHAR flux by the NAD(P)H pool led to an accumulation of MDHA and thus to a higher

ASC oxidation ratio, as observed for this stage (Supplemental fig V.3).

Overall, during the cell division stage, the activity of the ASC-GSH cycle mainly relies on
central metabolism (ROS production and NAD(P)H supply) and ASC synthesis pathways.

II. The availability of pyridine nucleotide modulates ASC and GSH redox states

through MDHAR activity during fruit cell elongation and at the onset of

rpening

Then, for 14 DPA and 21 DPA (i.e. beginning of cell expansion), the APX flux was no longer
controlled by ASC synthesis. However, it became strongly dependent on MDHAR activity, suggesting
that APX still depended on reduced ASC supply. As for 8 DPA, APX is not under the control of ROS
production, offering saturating ROS levels for this enzyme. Furthermore, MDHAR was still controlled
by NAD(P)H supply (Supplemental fig V.11), further indicating that the ASC-GSH cycle was mainly
regulated by NAD(P)H content when H»O, provision was high enough to saturate APX. To a greater
extent, NAD(P)H content strongly regulated the reduced ASC content and its oxidation ratio, as shown

by the sensitivity coefficient (Figure V.10A).
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Figure V.10: Sensitivity coefficient of ASC total content (blue) and ASC oxidation ratio (orange) to
the total reducing power (NAD(P)H) (A) and total ROS production flux (B) during fruit

development. Solid lines refer to discontinuous data.

184



Chapter V. Top-down modelling approach

In other words, a perturbation of central metabolism and thus in NAD(P)H content could
strongly impact the ASC oxidation ratio. Overall, during cell expansion, APX is saturated by H,O, while
its supply of reduced ASC was controlled by the MDHAR activity and NAD(P)H provision. The
reducing power available will have the strongest impact on ASC oxidation ratio and thus on potential
redox signalling. This suggests a role for the oxidative pentose phosphate pathway and thus in lipid
metabolism for the regeneration of reducing power. Interestingly, this behaviour was also found for 35
DPA and Turning stages (i.e. onset of maturation) with the addition of a high influence of total H,O»
production flux on ASC content and oxidation ratio (Figure V.10B). During these stages, both NAD(P)H
content and ROS production flux strongly modulated the ASC oxidation ratio. Thus, the ASC oxidation

ratio is finely controlled by central metabolism during the transition from cell expansion to ripening.

I1T. Low metabolic activity during late cell elongation results in over-reduced ASC

Finally, the decrease in the total ROS production flux at 28 DPA, orange and red stages induced
a switch in the control of APX and MDHAR. Indeed, the APX flux became positively regulated by the
total ROS production while MDHAR and ASC synthesis fluxes no longer impacted it. Moreover, CAT
negatively influenced the APX flux indicating a competition of these enzymes for H.O,, which is the
limiting substrate at this stage. Here, reducing power (i.e. NAD(P)H) and reduced ASC supplies were
in excess compared to ROS production, inducing a control of the ASC-GSH cycle through H,O, supply
and APX activity. Therefore, the strong decrease in H>O. production at those stages compared to 21
DPA and Turning (Supplemental fig V.4) resulted in a shift in the behaviour of the ASC-GSH cycle in
which the APX became the controlling step of the cycle itself restricted by the H,O, production
(Figure V.9A).

Simultaneously, ASC content and ASC oxidation ratio loss their sensitivity to both NAD(P)H content
and total ROS production (Figure V.10), showing that the ASC-GSH cycle will ensure the maintenance
of the ASC pool predominantly reduced for the stages with very low metabolic activity. This further
highlights that the ASC oxidation ratio is a key component of redox signalling that needs to be

maintained in a reduced state for normal fruit development.
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E. Top-down modelling approach to identify a metabolic marker allowing

accurate flux predictions

Top down modelling strategies, such as general multilinear modelling approach (GLMs), allows
for investigating the predictive correlation between metabolic features while identifying the best
predictive variables for a specific response (Luna et al., 2020; Roch et al., 2020). As mentioned before,
enzyme capacities are not representative of their metabolic fluxes thus giving biased conclusions based
only on their time course evolution (Figure V.7). Nevertheless, from one stage to another, the order of
magnitude of some enzyme capacities may strongly control the whole network functioning (Figure V.9).
Consequently, GLMs were used to identify potential metabolic features that represented relevant
markers for flux predictions and that could be used for future, straight-forward biochemical redox
phenotyping (Ma et al., 2013). To this end, we exploited a data set of 22 variables, enzyme capacities,
total protein, ROS and major redox buffer contents as well as their redox state and total antioxidant
capacity. Globally, apart from GR, all the fluxes of the enzymes involved in the ASC-GSH cycle showed
a high Rsquare of the GLMs predictions (Figure V.11), thus indicating that dynamic redox fluxes could
be predicted from steady-state metabolic data. Next, variables were filtered based on their occurrence in
the models (>50%) resulting in similar flux predictions (Figure V.11), with reduced dispersion,
particularly for the 8 DPA stage. (Supplemental fig V.12 to V.15). Additionally, permutated models
were used to statistically cross-validate the predictions and, showed the relevance of the variables used
for fluxes predictions, according to Tuckey’s test (p < 0.05) (Figure V.11). Finally, for APX, CAT,
MDHAR and DHAR, filtering by the variable’s occurrence pointed out the total protein content,
MDHAR capacity, GSSG content and both ASC and GSH oxidation ratio as best predictors
(Supplemental fig V.12 to V.16). However, their contribution differed according to the targeted flux and
no “universal” metabolic marker representative for ASC-GSH cycle fluxes could be identified.
Nonetheless, this is consistent with previous reports which emphasise GSSG and GSH redox state as
reliable markers of oxidative stress, and to a greater extent of redox metabolism (Kranner et al., 2006;
Noctor et al., 2012). Altogether, this reinforces the role of these redox states as integral regulators of the

ASC-GSH cycle and thus in the control of the redox balance.
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Figure V.11: Rsquare distribution of the GLMs predictions for fluxes involved in ASC-GSH cycle.
050 indicates that models have been performed by selecting the variables occurring in more than

50% of the models. P indicates the models run using random permutations.

CONCLUSION

In conclusion, the model demonstrates that (i) ROS production must be compartmentalised to
allow H,O, accumulation and (ii) ASC synthesis modulates the dynamics of the ASC-GSH cycle during
cell division while allowing cross-validation by mimicking the ASC-enriched mutant phenotype.
Besides, this study emphasises the role of MDHAR and APX as the two controlling enzymes of the
ASC-GSH cycle fluxes during fruit development, which are sensitive to the availability of reduced ASC,
H,0; and NAD(P)H. Finally, ASC and more importantly GSH redox states appeared as the best reliable
markers to estimate the activity of the ASC-GSH cycle.
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For supplemental tables, please follow this link:

https://drive.google.com/drive/folders/IN5ScrV{jt5W_XBUcp131hl5gAfE9k8iy?usp=sharing until the

publication if these results.
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General conclusions and perspectives

A. General discussion and conclusion

This PhD work aimed to provide a quantitative description of the core redox metabolism,
especially the ascorbate-glutathione cycle, during tomato fruit development. Gathering such data, which
are sparse in fruit science, is a first step in depicting the roles of redox metabolism in fruit development.
In fruit tissues, redox metabolism has rarely been evaluated in a developmental context, although
concepts from circadian clock studies in leaves remain valuable resources (Valero et al., 2015; Foyer,

2018; Noctor et al., 2018).

Here, we combined transcriptomic, proteomic, and metabolomic analyses using statistical and modelling
approaches to investigate core redox metabolism through the ASC-GSH cycle during tomato fruit
development. First, a study focused on pyridine nucleotides (i.e. NAD(P)) was carried out to link redox
and central metabolisms at various omic scales. Secondly, growth, major central metabolites and ASC-
GSH cycle were quantitatively described during fruit development. Finally, this enabled building an
enzyme-based kinetic model of the ASC-GSH cycle to study the redox flux dynamics and regulations.
Besides, ascorbate-enriched fruits affected in the main synthesis pathways were analysed to validate our
kinetic models and further explore the implication of ASC during fruit development. Combining targeted
analysis, computational kinetic-based modelling and global analyses allowed us to provide the first

dynamic description of core redox metabolism during fruit development.

From a global perspective, redox metabolism exhibits several behaviours according to the fruit
growth phase. Indeed, redox metabolism displayed a sequential activity in a “wave-shaped” pattern
corresponding to the fruit development (i.e. cell division-elongation-ripening) with specific changes at
phase transitions (Z.e. 14 DPA and turning). Similarly, central fruit metabolism has also been defined by
a “turbo” metabolism during cell division that rapidly drops at the beginning of cell elongation until
growth arrest (Biais et al., 2014; Roch et al., 2020). Moreover, phytohormones have also been reported
to fluctuate in a growth-dependent manner during fruit development (Zhang et al., 2009; McAtee et al.,

2013).

The beginning of fruit development revealed a remarkably high ROS content despite a strong
APX capacity. Simultaneously, ASC recycling enzymes (i.e. DHAR and MDHAR) showed low
capacities, thus resulting in the nearly complete oxidation of ASC. Strikingly, such high levels of
oxidised ascorbate during young fruit development have been previously reported in diverse fruit
species, suggesting a common phenomenon between fruit species (Decros et al., 2019a; Roch et al.,
2020). However, at the same time, tomato fruit also exhibited a moderate GSH oxidation ratio, while
untargeted analysis showed a relative availability of secondary antioxidant metabolites. Besides, ASC-

enriched fruits showed an increase in reduced GSH as a result of the increased DHA content. However,
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no differences were observed regarding ASC and GSH redox states, thus indicating that reduced
antioxidants were available in cells but not interacting with H»>O,. Additionally, kinetic models
emphasised the necessity of a ROS production source away from the antioxidant system and regulation
of APX by the supply in reduced ASC. This is in line with previous reports of active fruit photosynthesis
during early development and the role of ROS processing by ASC during this process (Pesaresi et al.,
2014; Foyer, 2018; Decros et al., 2019b; Quinet et al., 2019). Moreover, GSH has been reported to be
recruited in the nucleus during early cell proliferation and participate in thiol signalling pathways
(Markovic et al., 2007; Vivancos et al., 2010). Overall, this demonstrates that during cell division phase,
ROS accumulate in the same compartment as ASC and APX, resulting in a complete ASC oxidation,
but separately from GSH, which remains moderately oxidised. In this regard, subcellular studies of the
ROS production sources and/or the repartition of antioxidants emerge as key issues to go deeper in
understanding redox metabolism involvement for fruit development. As such, subcellular fractionation
experiments (Destailleur et al., 2021) or metabolic imaging (Gilmore et al., 2019) could lead to gaining

further insights into the subcellular distribution of redox components at the metabolite levels.

Next, both ascorbate and glutathione presented noticeable variations in their redox state during
the transition from cell division to elongation phase with, however, more pronounced differences in
ASC, which displayed a drastic shift from totally oxidised to fully reduced. Furthermore, it is worth
noting that the change in ASC redox state was concurrent with the increase of the fruit growth rate. This

finding emphasises the global link between growth and redox metabolism.

Concomitantly, APX and MDHAR enzyme capacities showed a similar trend from ascorbate oxidation
to full recycling. Complementarily, the kinetic model unveiled a simultaneous shift in the ASC-GSH
flux sensitivity starting from a limitation by ASC supply during cell division to a restriction by
NAD(P)H availability. Besides, GR and DHAR evolved independently from ROS, GSH and ASC in
contrast to MDHAR and APX. In addition, the kinetic model highlighted GR and DHAR as minor fluxes
compared to APX and MDHAR during fruit development. Altogether, this indicates that APX and
MDHAR are the major regulators of ASC during tomato fruit development, and to a greater extent, GSH
redox states. Besides, GR and DHAR presented a negligible role during fruit growth, which agrees with

previous stress response studies (Rahantaniaina et al., 2017; Terai et al., 2020).

Furthermore, endoreduplication is also a hallmark of this growth phase transition in which redox
metabolism involvement remains an incomplete puzzle (Chevalier et al., 2011; Fanwoua et al., 2013;
Quinet et al., 2019). In addition, ASC has been reported to be present in the nucleus where it acts as a
signalling molecule (Zechmann, 2011). Here, the shift in ASC redox state observed during this phase
transition, concurrent with the increase in its recycling capacity through MDHAR, suggests that ASC

metabolism participates in the control of the trade-off between division and endoreduplication.
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Then, once the reduced state is established, it was maintained mainly reduced and showed a continuous
decrease during the cell elongation phase. The concomitant reduction in redox and central metabolism
activities suggested a decline of global metabolic activity at the expense of osmolytes influx (Beauvoit
et al., 2014; Biais et al., 2014). However, untargeted metabolomic approach revealed an active metabolic
reprogramming during this phase either from a global perspective or regarding secondary antioxidant
metabolites. This agrees with a previous report of an increase in flavonoids content reported in mature
green fruits (Tohge et al., 2013). Altogether, cell elongation can be characterised by dynamic
maintenance of reduced redox buffers associated with a decrease in central metabolism. Nonetheless,
this hides an active reprogramming of secondary metabolism during this phase, in which the fruit likely

prepares the building blocks required for ripening.

Tomato fruit maturation starts at the turning stage when fruit changes colour. From a
physiological perspective, ripening is defined by a reprogramming of metabolism driven by
phytohormones, especially ethylene, during which starch is remobilised together with a respiratory burst
ending in sugar accumulation and CO; release (Colombié et al., 2015; Roch et al., 2020). Interestingly,
a stoichiometric model identified that an energy peak appeared just before ripening (Colombié et al.,
2017). In addition, malic acid has been identified as a central actor and is also mobilised before the
turning stage (Centeno et al., 2011; Osorio et al., 2013a, 2013b). This is consistent with our data, and
the similar regulation pattern of the ASC-GSH cycle observed for 35 DPA and turning kinetic models.
In addition, a prominent part of NAD(P)-dependent features was associated with redox and
mitochondrial metabolisms during ripening, as well as active recycling and de novo synthesis of
NAD(P). Hence, this suggests that carbon resource remobilisation impacts pyridine nucleotides
metabolism, which in turn induces reprogramming of core redox metabolism. Moreover, the singular
dynamic of malate suggests an involvement of malate dehydrogenase and aspartate-malate shuttle in the

regulation of reducing power availably during the onset of ripening.

Furthermore, CAT capacity and MDHAR flux also showed a peak at turning, while APX capacity
remained low. This indicates a change in ROS processing, which keeps the redox state of the ASC
mainly reduced as opposed to early development. Besides, from a global redox perspective, tomato fruit
ripening is associated with increased total antioxidant capacity and an accumulation of lycopene and
volatile organic compounds (Riedl et al., 2013; Tohge et al., 2013). Lastly, ASC" fruits showed a
reduction of GSH content in orange and red fruits compared to WT, suggesting the need for available
reduced antioxidants, up to a certain threshold. Thus, this demonstrates that ROS processing and
associated ASC signalling pathways are differentially involved between cell division and ripening.

These results thus reinforce the importance of spatially tuned ROS production and processing.
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On the other hand, the analysis of ASC enriched fruits validated the kinetic model and
highlighted that ASC fruit content was mainly regulated by its own synthesis, and not by import from
leaves such as for photo-assimilates (Lytovchenko et al., 2011). However, heterozygous ASC" fruits did
not show a strong phenotype or considerable changes in core redox metabolism behaviour during fruit
development. In addition, the untargeted metabolic analysis revealed a clear distinction between growth
stages but not between genotypes. Nonetheless, the kinetic model showed a threshold effect for the ASC
increase from which signalling through its redox state is hindered, congruent with the developmental

disorders observed in homozygous fruits.

The main outcome from this study is the identification of a co-regulation between the reduced form of
ASC and GSH depending on the sum of their contents. Indeed, early fruit development showed an
accumulation in both DHA and GSH content, whereas the increase in GSH content during maturation
was inhibited by reduced ASC accumulation. Furthermore, ASC-enriched plants displayed a slight
decrease in H,O; content at the anthesis stage associated with flower morphological disorders as well as
pollen infertility (Deslous et al., 2021), suggesting that active ASC oxidation also occurs during
fecundation process. In addition, ASC" plants harboured an increased number of flowers highlighting
the crucial role of ASC in the control of flowering and the trade-off between the number and
sustainability of flowers. In this regard, data obtained within this study allowed the development of a
novel side project focusing on redox metabolism in flowers and fruits altered in ASC content during

fruit set.

To summarise, core redox metabolism exhibited a growth stage-dependent dynamic. Here, we
revealed that the fruit cell division phase is characterised by an active ROS production associated with
a strong ASC oxidation by APX and a weak recycling activity resulting in ROS and oxidised ASC
accumulation. In contrast, the GSH redox state remained moderately affected. Then, the transition to the
elongation phase denoted a complete shift in ASC oxidative and recycling activities, concurrent with
the decrease of ROS production ending in a full ASC reduction. This mechanism promoting ASC
reduction and active recycling was maintained until the growth arrest at the beginning of fruit
maturation. Next, ripening pointed out an increase in CAT capacity and MDHAR flux concomitant with
an increased total antioxidant capacity, thus displaying another specific behaviour in which the ASC-
GSH cycle was weakly involved in ROS processing. Furthermore, the kinetic modelling approach
indicated that tomato fruit development displayed growth phase-dependent redox metabolism linked
with central metabolism via pyridine nucleotides and H,O, availability. Thereby, this emphasised the
major role of ROS and reducing power (7.e. NAD(P)H) in controlling the ASC-GSH cycle during fruit
development. Moreover, this highlighted that among the ASC-GSH cycle, MDHAR and APX stand out

as major regulators of the redox balance in a developmental context. Overall, this demonstrates the
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necessity of a strictly controlled subcellular distribution of ROS -production and -processing pathways.
Hence, elucidating the mechanisms controlling antioxidant transport emerges as a critical issue in which

fluorescent 7nn vivo probes arise as promising tools (Ming et al., 2017; Smith et al., 2021).

In conclusion, this project provides the first comprehensive description of central redox
metabolism and ASC-GSH cycle fluxes and their regulation during tomato fruit development. These
complementary data allowed a deeper understanding of the intricate metabolic reprogramming occurring
during fruit development. However, apart from growth processes, redox metabolism and oxidative
signalling are involved in virtually all biotic and abiotic stress conditions in which the role of the ASC-

GSH cycle for fruit has not been fully deciphered yet.

B. Perspectives

I Perspectives from the ASC-GSH cycle kinetic model

The development of the ASC-GSH cycle kinetic model during this study provided a new tool
for future investigations. For example, the model can be adapted to different fruit species to identify
common and specific fruit redox alterations. The model will further allow in silico predictions of ASC-
GSH cycle fluxes under various conditions that will benefit breeding issues while providing hypotheses
about redox signalling. Besides, complementary pathways can be added to provide a bigger picture of
redox metabolism. For instance, NAD(P) synthesis and recycling pathways as well as enzymes allowing
their regeneration will help to go further in the crosstalk between central and redox metabolisms.
Moreover, experiments aiming to measure photosynthesis and respiration of fruit iz p/anta have been
performed via gas exchanges in order to investigate the contribution of the different ROS sources in the
total ROS production. Following their validation, these data will be implemented in the model in the

future assuming that the percentage of electron leak within those systems to be known.

In addition, collecting data about the subcellular distribution and transport processes of ROS and
antioxidant remains a bottleneck for deciphering redox signalling. In this regard, fluorescent probes as
well as MS imaging techniques emerge as powerful tools to investigate the distribution of oxidative
signals (Gilmore et al., 2019; Smith et al., 2021). Lastly, combining modelling approaches using
previous models describing cell division, fruit growth and central metabolism will allow the
development of integrative models that will deeper our understanding of fruit development (Fanwoua et
al., 2013; Colombié et al., 2015). For example, implementing the redox flux predictions from the kinetic
model into a process-based fruit growth model would highlight the steps most involved in a trait of
interest (Ze. yield, fruit composition, stress resistance). These integrative models could be an asset for

breeding issues and thus for the design of ideotypes (Chenu et al., 2017; Beauvoit et al., 2018). Finally,
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top-down statistical modelling, e.g. using generalised linear modelling approach, will be performed on
untargeted metabolomic data to unveil metabolic markers associated with fluxes predictions, and thus

identify reliable proxies of the ASC-GSH cycle fluxes.

As a valuable tool for plant biologists interested in redox metabolism, the kinetic model could be
implemented in future studies investigating the role of the ASC-GSH cycle in stress responses, including
abiotic factors and bioagressor challenges. This would be particularly interesting and relevant in the
context of trade-off studies examining the roles and regulations of redox metabolism between growth
and stress pathways. For instance, this kinetic model could be exploited short terms in grapevine
resilience to heat stress. The use of mutant lines affected at the level of regulators uncovered by the

model would also expand our understanding of the roles of redox signalling in plant physiology.

II. Perspectives from the study of ascorbate mutant fruits

On the other hand, the study of ASC" mutant fruits highlighted a common regulation of
glutathione and ascorbate contents based on the availability of their reduced form. Further analyses
about their turnover in fruit are necessary to identify the scale and the associated signalling of this
regulation (transcriptomic, proteomic or metabolic). Moreover, flowers and fruit set were noticeably
affected by the increase in ASC synthesis, emphasising the role of ascorbate for fecundation and, to a
greater extent, yield. ASC" plants also displayed an increased flower number per truss, which highlights
the role of ASC in the control of flowering. In this regard, a study focusing on flowers and young fruits
using both heterozygous and homozygous ASC" plants has been started and will provide new insights
into the ASC control of flowering and fertilisation processes. Besides, despite the absence of the
notorious effect of the increase in ASC synthesis for fruit development, studies on other traits are still
needed. For example, challenging ASC mutants with various stress, either biotic or abiotic, should help

to decipher the role of ASC in plant resistance and in the trade-off between growth and defence.
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ANNEX 1.

MS-DIAL parameters for LS-MC raw data processing



MS-DIAL ver. 4.70

#Project

MS1 Data type Centroid
MS2 Data type Centroid
Ion mode Negative
Target Metablomics
Mode ddMSMS

#Data collection parameters
Retention time begin 0
Retention time end 18
Mass range begin 50
Mass range end 1500

MS2 mass range begin 50
MS2 mass range end 1500

#Centroid parameters
MS1 tolerance 0.01
MS2 tolerance 0.025

#Isotope recognition

Maximum charged number 2

#Data processing

Number of threads 10

#Peak detection parameters

Smoothing method SavitzkyGolayFilter
Smoothing level 4

Minimum peak width 5

Minimum peak height 10000

#Peak spotting parameters
Mass slice width 0.1

Exclusion mass list (mass & tolerance)

#Deconvolution parameters



Sigma window value 0.5
MS2Dec amplitude cut off 0
Exclude after precursor False
Keep isotope until 0.5

Keep original precursor isotopesFalse

#MSP file and MS/MS identification setting

MSP file C:\Users\ppetriacq\Desktop\M SDIAL\MSMS-Public-Neg-VS15.msp
Retention time tolerance 100

Accurate mass tolerance (MS1) 0.01

Accurate mass tolerance (MS2) 0.05

Identification score cut off 80

Using retention time for scoring False

Using retention time for filtering False

#Text file and post identification (retention time and accurate mass based) setting
Text file

Retention time tolerance 0.5

Accurate mass tolerance0.01

Identification score cut off 85

#Advanced setting for identification
Relative abundance cut off 0

Top candidate report ~ False

#Adduct ion setting
[M-H]-
[M-H20-H]-
[M+Na-2H]-
[M+Cl]-
[M+K-2H]-
[M+FA-H]-
[M+Hac-H]-
[M+C2H3N+Na-2H]-
[M+Br]-
[M+TFA-H]-
[M-C6H1004-H]-



[M-C6H1005-H]-
[M-C6H806-H]-
[M+CH3COONa-H]-
[2M-H]-
[2M+FA-H]-
[2M+Hac-H]-
[3M-H]-

[M-2H]2-

[M-3H]3-

#Alignment parameters setting

Reference file D:\Metabolomics\GD\Neg\MET-2019-M03-PP_FSK240_Neg_116_QCO013.abf
Retention time tolerance 0.1

MS1 tolerance 0.015

Retention time factor 0.5

MS1 factor 0.5

Peak count filter 0
N% detected in at least one group 0
Remove feature based on peak height fold-change True

Sample max / blank average 5

Sample average / blank average 5

Keep identified and annotated metabolites True

Keep removable features and assign the tag for checking True

Gap filling by compulsion True

#Tracking of isotope labels
Tracking of isotopic labels FALSE

#Ion mobility
Ion mobility data FALSE



ANNEX 2,

Differential equations used in the enzyme-based kinetic model.



(1) d[HZOZ]cyt 3 _ (VmaxCAT X [HZOZ]cyt> _ ( VmaxAPX X [HZOZ]cyt X [ASC] )

dt K, car Kmﬁgé‘ X [Hy03]cye + K"‘ﬁ%z x [ASC] + [H;0;]cy: % [ASC]

MH30,

+ H202in1mt - ((kHzozdiffusian X [HZOZ]CW) - (kHZOZdiffusion X [HZOZ]ap°)>

d[HZOZ]apo

(2 —a - ((kHZOZdiffusion X [HZOZ]cyt) - (kHZOZdiffusion X [HZOZ]apD)>

+ (kNADPH oxidase X [NADPH] X [02])

AIGSH] 1y
(3) Tcy = GSHsynthesis -2 X (kS,DHArecycling X [GSH]cyt X [DHA])
—2 % VmaXDHAR X [GSH]Cyt X [DHA]|
KiggﬁR X ng?éqf + nggﬁR X [GSH]cyt + (ng?élf + K""‘é’?p?f) X [DHA| + [DHA| x [GSH]Cyt
2 < Vinaxge X [GSSGleyr X [NADPH] )
X
Kml?lﬁDPH X [GSSG]Cyt + ng§SG X [NADPH| + [GSSG]Cyt X [NADPH|
d[GSSG]Cyt VmaxABCC o [GSSG]Cyf
(4) T =7 W +(k5’DHAre£ycling X [GSH]Cyt x [DHA])
N Vnaxpmne X 1GSHeye X [DHA]

Kig,’}’ﬁR X nggléalR + KmBZﬁR X [GSH]Cyt + (nggﬁlR + nggé;ZR) X [DHA] + [DHA| x

( Vimaxge X [GSSGleyr X [NADPH] >
Kygr % [GSSGleyr + Kygr X [NADPH]| + [GSSGlcy X [NADPH]

d[GSSGlyae < Vinaxasee X [GSSGl ey

©) dt K‘mABCC + [GSSG]cyt >_ (Vacexpensionfacmr x [GSSG]W"C)
GSSG



d[ASC] Vinaxapy X [H202]cye X [ASC]

(6) T 2 (K 4zx X [Hy0z]cye + Kppgex X [ASCl+ [Hz0;]cye X [ASC]>+ ASCsynthesis

Viaxmpuag X INADH] X [MDHA]

+ (Kmlz\«’lgll)if;le X [MDHA| + Km%gEﬁR X [NADH| + [NADH] % [MDHA])

Vinaxapsag X INADPH] X [MDHA]

+ <Km1’g£gﬁqg X [MDHA| + Km%gZﬂR X [NADPH| + [NADPH| % [MDHA]>

+ VmaxDHAR X [GSH]cyt X [DHA]
KiEZQR X ngglé‘lf + ngZﬁR X [GSH]Cyt + (ngglﬁlf + nggiéaZR) X [DHA| + [DHA] x [GSH]Cyt
+ (kS’DHArecycling X [GSH]Cyt x [DHA]) + (kéMDHAdismutation x [MDHA]Z) - (VaCeXpenSionfactor x [ASC])
7 d[MDHA] 2 x VmaXApX X [HZOZ]cyt X [ASC]
) T a = Kmﬂgg X [Hy0z] ¢y + Kmﬁrz’)ofz X [ASC]+ [H;0;]cy: X [ASC]
( Vmaxsoman X INADH] X [MDHA] >
Kmlzvggéqk X [MDHA]| + Km%BEﬁR X [NADH| + [NADH| x [MDHA|
( Vmazaomae X INADPH] . [MDHA >
Kmxggﬁql_}; X [MDHA| + Km%gﬁﬁR X [NADPH| + [NADPH|x [MDHA|
_2 x (k6MDHAdismutatian x [MDHA]Z)
d[DHA]
(8) d = DHAimport + (k6MDHAdismutation X [MDHA]Z) - (kDHAdegradation X [DHA])

Vinaxpuar X [GSHlcye X [DHA]

X
KDHAR X K, DHAR + K, DHAR X [GSH| cyt +( mBHAR + nggﬁR) X [DHA] + [DHA| x [GSH]Cy
1 2

- (Vacexpensionfacwr x [DHA| ) X [GSH|cyr X [DHA])

ks DHArecycling
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Plant central metabolism generates reactive oxygen species (ROS), which are key
regulators that mediate signalling pathways involved in developmental processes and
plant responses to environmental fluctuations. These highly reactive metabolites can
lead to cellular damage when the reduction-oxidation (redox) homeostasis becomes
unbalanced. Whilst decades of research have studied redox homeostasis in leaves,
fundamental knowledge in fruit biology is still fragmentary. This is even more surprising
when considering the natural profusion of fruit antioxidants that can process ROS and
benefit human health. In this review, we explore redox biology in fruit and provide an
overview of fruit antioxidants with recent examples. We further examine the central role
of the redox hub in signalling during development and stress, with particular emphasis
on ascorbate, also referred to as vitamin C. Progress in understanding the molecular
mechanisms involved in the redox regulations that are linked to central metabolism and
stress pathways will help to define novel strategies for optimising fruit nutritional quality,
fruit production and storage.

Keywords: redox, fruit, ROS, metabolism, NAD, glutathione, tomato, ascorbate

INTRODUCTION

Reduction-oxidation (redox) processes are a major consequence of the presence of ground-state
oxygen gas (O,, constituting c.a. 20.8% of theatmosphere) asa natural oxidant on Earth. Photosynthetic
organisms (e.g. cyanobacteria, green algae, plants) produced O, by the light-driven splitting of water
(H,O) during oxygenic photosynthesis (Foyer, 2018). In other words, photosynthesis functionally
houses redox reactions in plants that are underpinned by the transfer of electrons between a donor

Abbreviations: ABA, Abscisic acid; AGPase, ADP-glucose pyrophosphorylase; AltDH, Alternative dehydrogenases; AO,
Ascorbate oxidase; AOX, Alternative oxidase; APX, Ascorbate peroxidase; ASC, Ascorbate; BABA, p-Aminobutyrate; CAT,
Catalase; Chl, Chlorophyll; DHA, Dehydroascorbate; DHAR, Dehydroascorbate reductase; GABA, y-Aminobutyrate; GP,
Guaiacol peroxidase; GPX, Glutathione peroxidase; GR, Glutathione reductase; GRX, Glutaredoxins; GSH, Glutathione
(reduced form); GSSG, Disulphide glutathione (oxidised form); GST, Glutathione S-transferase; JA, Jasmonic acid; LCMS,
Liquid chromatography-mass spectrometry; MDHA, Monodehydroascorbate; MDHAR: Monodehydroascorbate reductase;
Met, Methionine; MSR, Met sulphoxide reductase; NAD, Nicotinamide adenine dinucleotide; NADP, Nicotinamide adenine
dinucleotide phosphate; NMR, Nuclear magnetic resonance; PS, Photosystem; PX, Peroxidase; RBOH, Respiratory burst
oxidase homolog; ROS, Reactive oxygen species; 'O,, Singlet oxygen; H,0,, Hydrogen peroxide; O,"~, Superoxide anion;
OHe, Hydroxyl radical; SA, Salicylic acid; SOD, Superoxide dismutase; TCA, Tricarboxylic acid; TRXs, Thioredoxins; XDH,
Xanthine dehydrogenases.
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and an acceptor. Consequently, this redox biochemistry generates
the so-called reactive oxygen species (ROS). In tissues with low
or no photosynthesis, such as roots and fruits, mitochondria can
also drive the flow of electrons, thereby generating energy and
ROS (Schertl and Braun, 2014).

Reactive oxygen species encompass highly reactive molecules
that are partially reduced or excited forms of O, including singlet
oxygen ('O,), hydrogen peroxide (H,0,), the superoxide anion
(O,7) and the hydroxyl radical (OHe) (Apel and Hirt, 2004)
(Figure 1A). Decades of research on redox biology pointed to a
dual role for ROS both as toxic by-products of aerobic metabolism
and as powerful signals that modulate plant functions (Mittler
et al,, 2011; Mittler, 2017; Foyer, 2018). With respect to this
ambivalent concept, several ROS (e.g. H,0,) are produced
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FIGURE 1 | Basics of ROS biology in plants. (A) Main reactive oxygen
species (ROS) formed from atmospheric oxygen (O,). (B) Major sources

of ROS in plant cells. Excited triplet chlorophylls (Chl) can exacerbate the
formation of singlet oxygen, mostly by the photosystem (PS) Il reaction
centre by photodynamic activation of ground-state oxygen (Fischer et al.,
2013). In addition to singlet oxygen, superoxide and hydrogen peroxide can
be formed in the chloroplast through the reduction of molecular oxygen,
especially by the PSI. The four main complexes (CI-CIV) of the mitochondrial
electron transport chain (MtETC) and the ATP synthase (CV) are represented
in yellow. Among these complexes, Cl (EC 1.6.5.3, NADH: ubiquinone
oxidoreductase), Cll (EC 1.3.5.1, succinate dehydrogenase) and ClIl (EC
1.10.2.2, ubiquinol: cytochrome C oxidoreductase) are ROS-generating
systems (Quinlan et al., 2012). mtETC, mitochondrial electron transfer
chain; PRX, peroxidase; TCA, tricarboxylic acid; Cl-V, complex I-V; AOX,
alternative oxidase; AltDH, alternative dehydrogenase; cyt. ¢, cytochrome c;
RuBP, ribulose 1,5-bisphosphate; PGA, phosphoglycerate; Sugar-P, sugar-
phosphate; PS, photosystem.

during plant metabolism and development and in response to a
fluctuating environment.

Fruits, including fleshy fruits, are peculiar plant organs of
great economic importance (e.g. 866 Mt worldwide in 2016,
www.fao.org/faostat). They constitute a remarkable source of
food worldwide and contain a plethora of natural compounds
with various benefits for human health and nutrition, including
vitamins, nutrients, fibres, proteins and minerals (Baldet et al,,
2014; Rodriguez-Casado, 2016; Padayachee et al., 2017). Despite
having high concentrations in carbohydrates, fruits usually
exhibit reduced photosynthetic activity, but sometimes high
respiration rates, in particular for climacteric fruits, such as
tomato (Roch et al., 2019). As for other vegetative plant tissues,
fruit biology involves redox reactions and generates ROS. Some
fruits are major sources of antioxidants, such as ascorbate, which
scavenge ROS (Gest et al., 2013b; Smirnoft, 2018).

To date, there is no global overview of the involvement of
oxidative metabolism in fruit biology, despite some fairly recent
reviews on ripening and photo-oxidative stress (Tian et al,
2013; Osorio et al., 2013a; Cocaliadis et al., 2014; Mufioz and
Munné-Bosch, 2018). This present review aims at updating
our current knowledge on redox biology of fleshy fruits. We
provide an overview of the profusion of natural compounds
having antioxidant properties and examine the importance of
redox regulation in plant metabolism for development and stress
responses. We also discuss the relevance of metabolic modelling
for the study of redox fluxes in plants, which should help to
improve knowledge on the link between metabolism and cell
redox status and therefore to evaluate strategies for optimal fruit
production and storage.

THE BASICS OF REDOX BIOLOGY IN
PLANT CELLS

For decades, redox signalling has been perceived as a balance
between low levels of ROS acting as signals to trigger signalling
cascades that adjust plant functions and high levels of ROS
causing oxidative cellular damage (Apel and Hirt, 2004).
Currently, the paradigm of redox biology tends to display a bigger
and clearer picture of the redox network, especially in plants
where multiple sources of ROS are possible and associated with
many ‘ROS-processing systems’ (Noctor et al., 2018). Spatial,
temporal, metabolic and antioxidant specificities are multiple
factors that can influence redox signalling. Whilst redox biology
in fruit is clearly fragmentary, the concepts that originate from
foliar tissues are useful whilst waiting for comprehensive studies
that bring more substantial levels of knowledge. This section
briefly describes the major sources of ROS that are found in
plant cells and the systems that process them.

ROS Formation in Plants

The three main sources of plant ROS are the chloroplastic
photosynthesis, the mitochondrial respiration and the
peroxisomal photorespiration cycle (Figure 1B). The
photosynthetic transport chain is assumed to be the major
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source of plant ROS in photosynthetic tissues. Superoxide can
directly exert its signalling function or be chemically reduced or
dismutated to H,0,. Dismutation of H,0, can be accelerated by
superoxide dismutases (SODs; EC 1.15.1.1), which are pivotal in
regulating the redox status of the plant cell (Smirnoft and Arnaud,
2019). Importantly, H,O, is more likely to trigger transduction
signals over longer cellular distances (e.g. into the nucleus) as it
has a longer lifespan, a greater diffusion distance and stability as
compared to 'O, (Exposito-Rodriguez et al., 2017; Mittler, 2017).

The photorespiratory cycle makes photosynthesis possible
by scavenging 2-phosphoglycolate, which is toxic for the cell
(Hodges et al., 2016). This highly compartmentalised pathway
involving the chloroplast, peroxisome and mitochondrion is
critical in generating H,O, through the activity of peroxisomal
glycolate oxidase (EC 1.1.3.15). Of course, the contribution
of peroxisomal volume to total cell volume is small: 1% for
peroxisomes compared to 12% for chloroplasts in leaves (Queval
et al., 2011). Nonetheless, peroxisomes are predicted to be a
major source of hydrogen peroxide in active photorespiratory
cells. Furthermore, photorespiration-driven H,0O, is solely
dismutated by peroxisomal catalase, which is commonly used as
a redox marker of the peroxisome (Smirnoff and Arnaud, 2019,
202). In fruit, a high activity of the ascorbate recycling enzyme
monodehydroascorbate reductase was observed in tomato fruit
peroxisomes (Gest et al., 2013a), which supports the idea of an
important role for peroxisomes in fruit redox homeostasis.

In nonphotosynthetic tissues, energy mostly originates from
mitochondrial activity, which also contributes to generate ROS
(Quinlan et al., 2012) (Figure 1B). The tricarboxylic acid cycle
reduces NAD* into NADH in the mitochondrion, which is
fundamental to ensure that cellular respiration produces ATP via
oxidative phosphorylation (Millar et al., 2011) (Figure 1B). Thus,
mitochondria are tightly linked to NAD(H) turnover (Gakiere
et al.,, 2018a). As for the chloroplast, specific SODs dismutate
rapidly O,~ into H,O, (Smirnoff and Arnaud, 2019). Besides
ROS-generating systems, plant mitochondria specifically
harbour alternative NADP(H) dehydrogenases that face both
the matrix and the intermembrane space, as well as alternative
oxidase (AOX) (Figure 1B). These enzymes are alternative
respiratory routes, which do not produce energy, but allow
viability when the enzymes of the main pathway are affected
(Rasmusson et al., 2008, Rasmusson et al., 2009; Schertl and
Braun, 2014). Alternative NADP(H) dehydrogenases can remove
excess of reducing power in the mitochondria, which will balance
the redox poise.

In addition, plant ROS can originate from other ROS-
generating systems, including NADPH and xanthine oxidases.
The NADPH oxidases (EC 1.6.3.1) are well-studied key players
in ROS production (Figure 1B), most particularly with respect
to biotic and abiotic environmental stresses (Torres and Dang],
2005; Suzuki et al., 2011; Mittler, 2017). Xanthine dehydrogenases
(EC 1.17.1.4, XDH) are important enzymes involved in the
hydroxylation of hypoxanthine to xanthine, but can also form
O,~ when molecular oxygen is used as the electron acceptor.
Whilst XDHs in mammals can be converted into xanthine
oxidases that produce both O, and H,0,, plant XDHs only form
0,7, which can be swiftly dismutated into H,O, (Yesbergenova

etal.,, 2005; Ma et al., 2016) In complement, class III peroxidases
(PXs; EC 1.11.1.7) are heme-containing enzymes that produce
0O,"~ and H,0, at the apoplast (Bindschedler et al., 2006; Cosio
and Dunand, 2009; Daudi et al., 2012), although H,O, formation
is favoured at high pH in the presence of reductants (O’'Brien
et al, 2012). Peroxidases are also able to oxidise a donor and
thereby process H,O, (Liithje and Martinez-Cortes, 2018).

For fruit tissues, however, knowledge is still lacking on the
exact contribution of each source of ROS. Of course, due to low
photosynthetic metabolism in fruit, one could predict different
contributions than for leaves, which further depends on the
plant species that exhibit diverse biochemical pathways able to
scavenge and process cellular ROS. Even though mitochondria,
peroxisomes and the apoplast are assumed to be leaders in
ROS production in flowers and fruits (Qin et al., 2009a, Qin
et al., 2009b; Rogers and Munné-Bosch, 2016), further research
on fruit ROS is necessary to unveil the actual ROS-generating
compartments and processes that mostly contribute to ROS
production in fruit tissues.

Systems for ROS Scavenging and
Processing in Plants

Reactive oxygen species produced in the plant cell can be
scavenged, or processed, by highly efficient antioxidant systems.
If this were not the case, ROS levels exceeding the requirement
of metabolic processes would damage cellular structures and
functions involving nucleic acids, proteins and lipids (Apel
and Hirt, 2004; Mufioz and Munné-Bosch, 2018). Antioxidants
include metabolites with antioxidant properties, which in fruit
are profuse in their diversity and quantity and are found in all
organelles. Besides metabolites, the antioxidant machinery is
composed of a few major enzymes that rapidly process ROS,
i.e. catalase (CAT; EC 1.11.1.21), SOD (EC 1.15.1.1), ascorbate
peroxidase (APX; EC 1.11.1.11), monodehydroascorbate
reductase (MDHAR; EC 1.6.5.4), dehydroascorbate reductase
(DHAR;EC1.8.5.1), glutathione S-transferase (GST; EC2.5.1.18),
glutathione peroxidase (GPX; EC 1.11.1.9), glutathione reductase
(GR; EC 1.8.1.7) and guaiacol peroxidase (GX; EC 1.11.1.7).
Hence, redox biology presents another level of ambiguity as
enzymes such as peroxidase or dismutase can be considered as
both ROS-generating and ROS-processing components (Figure
2). These enzymes tightly link to the pool of the redox buffers
ascorbate, glutathione and pyridine nucleotides, which serve as
reductants to recycle repeatedly glutathione and ascorbate via the
so-called Foyer-Halliwell (or ascorbate-glutathione) cycle (Foyer
and Noctor, 2011) (Figure 2). In addition, thioredoxins (TRXs)
are widely distributed small proteins, which modulate the redox
state of target proteins via transfer reactions of thiol-disulphide
using NADP(H) as a cofactor (Geigenberger et al., 2017). These
ROS-processing systems are also important for fruit metabolism,
and they could link to developmental processes or responses to
environmental changes, as we detail further below.

Fruit Antioxidants
Fruits, especially citrus and berry fruits, are well-known sources
of antioxidants conferring plenty of beneficial effects for human
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health (Gomes-Rochette et al., 2016). Because of their intricate
oxidative metabolism (ROS production, described above),
plants have developed a wide range of antioxidant metabolites
as well as pathways to synthetize, catabolise and regenerate
them. Basically, antioxidants refer to all biomolecules, including
metabolites, which can process ROS and/or reactive nitrogen
species to delay or avoid cell damage and for signalling processes
(Nimse and Pal, 2015). Antioxidants can be distributed into
several biochemical classes (Figure 3), including phenolics,
terpenoids, thiol derivatives and vitamins, for which common
metabolites and their antioxidant mechanisms are listed in
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FIGURE 3 | Examples of fruit antioxidants. Chemical structures of several
metabolites presenting antioxidant properties. The major redox buffers
NAD+*, ASC and GSH are also presented. For further detail, refer to Table 1.
Individual structures were obtained from PubChem (pubchem.ncbi.nlm.nih.
gov/).

Table 1. Terpenoids, also known as isoprenoids for their core
structure, can be divided into several classes based on their carbon
skeleton, and among them, carotenoids are the main group
with more than 600 having been identified and characterised
(Grafimann, 2005). They are pigments used for light harvesting,
preventing photo-oxidation and increasing fruit attractiveness
for seed dispersion (Young and Lowe, 2018). Carotenoids
among other terpenoids are widely studied with respect to
their antioxidant properties and biological effects in plants and
mammals. Whilst antioxidants are often shared by plant species,
most plant families have developed their own range of specific
antioxidant metabolites within their botanical taxa. Quite
importantly, some major redox buffers shared between species,
such as ferredoxins, pyridine nucleotides, TRXs, glutathione
and ascorbate, can be distinguished as they play a fundamental
role in the development of plants and their responses to the
environment and thus in plant performance (Balmer et al,
2004; Geigenberger and Fernie, 2014; Geigenberger et al., 2017;
Noctor et al., 2018; Gakiére et al., 2018a).

Due to the wide diversity of fruit metabolites harbouring
antioxidant activity, fruit antioxidants can process ROS in many
ways. Most antioxidants spontaneously react with ROS, although
enzymes such as APXs and glutaredoxins (GRX) catalyse several
reactions. As previously mentioned, antioxidants remarkably
participate in recycling pathways, such as the glutathione-
ascorbate cycle, to maintain the redox state of the main redox
buffers through the activity of GR, DHAR and MDHAR
(Figure 2). The importance of such systems for fruit biology is
detailed in Section 4.

Three Major Cellular Redox Buffers: A
Ménage-A-Trois to Manage ROS

Ascorbate (ASC) and glutathione (GSH) sit at the top of
plant soluble antioxidants because they process ROS rapidly
using specific enzymes such as peroxidases belonging to the
ascorbate-glutathione pathway (Foyer and Noctor, 2011)
(Figure 2). In brief, ROS react preferentially with GSH and
ASC: the latter can reduce H,0, via APX to produce water and
MDHA that will be reduced by MDHAR using NAD(P)H, or
be transformed spontaneously in DHA that will be reduced
by DHAR using GSH (Figure 2). These repetitive redox cycles
allow for the regeneration of the pools and the maintenance
of the cellular redox buffers in a highly reduced state in most
cellular compartments under unstressed conditions. In
addition, pyridine nucleotides (i.e. NAD(P)H and NAD(P)%;
Figure 3) are crucial for the regeneration of GSH and ASC
through GR and MDHAR enzymes as well as being involved in
other metabolic pathways, thereby linking redox homeostasis
to central metabolism (Gakiére et al., 2018a). Strikingly, fruit-
specific concentrations and redox states of the pools are difficult
to find in the literature (Table 2). In unstressed conditions, ASC
and GSH are in a highly reduced state (> 90%), NAD(H) is 60%
to 65% reduced, and NADP(H) is at 90% reduced in red ripe
tomato fruits (Aratjo et al., 2012; Centeno et al., 2011; Jimenez
et al., 2002). However, NAD(H) is 12% to 20% reduced, and
NADP(H) is 50% to 55% reduced in orange, apple, pear and
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TABLE 1 | Examples of major antioxidant metabolites present in fruits.

Biochemical Compound Antioxidative Antioxidant activity Effect on human Source example (per Key references
class class metabolite health 100 g FW)
Polyphenols Hydroxycinnamic ~ Caffeic acid Scavenge ROS and Anti-inflammatory 0.1-1.3 mg in tomato Fu et al., 2011
acids peroxyl radicals Preventive effects for 0.4-35 pg in Wolfe et al., 2008
Inhibit lipid peroxidation diabetes blueberries Wang et al., 2017
Cardiovascular Olas, 2018
protective effects
Ferulic acid 0.2-0.5 mg in tomato Marti et al., 2016
26-185 pg in Wang et al., 2017
blueberries
p-coumaric 0-0.6 mg in tomato Skupien and Oszmianski,
acid 89-225 pg in 2004
blueberries Marti et al., 2016
156-42 mgin Wang et al., 2017
strawberries
Hydroxybenzoic Gallic acid Scavenge peroxyl 2-9 mg in different Wada and Ou, 2002
acid radicals and ROS cultivars of blackberries Wang et al., 2017
Flavonoids Anthocyanins Scavenge free radicals Neuroprotective effects 154-1001 pg in Skupien and Oszmianski,
Acylation of Anti-cancer blueberries of Cyanidin 2004
anthocyanins with involved in treatment 25-40 mgin Khoo et al., 2017
phenolic acid increase of cardiovascular strawberries of total Wang et al., 2017
the antioxidant activity diseases anthocyanins Olas, 2018
Prevent lipid
peroxidation
Catechin Prevent lipid Regulate superoxide 180-338 pg in Fraga et al., 2018
peroxydation production blueberies Wang et al., 2017
Scavenge NO and ROS ~ Regulation of 6-19 mg in different Skupien and Oszmianski,
transcription factors cultivars of strawberries 2004
involved in oxidative
stress responses
Quercitin Neuroprotective and 0.7-4.4 mg in tomato Chaudhary et al., 2018
cardioprotective effects 202-266 pg in Marti et al., 2016
Anti-cancer blueberries Wang et al., 2017
Stilbenes Resveratrol Scavenge ROS and Neuroprotective and 51-97 pg in blueberries Wang et al., 2017
peroxyl radicals cardioprotective effects Cory et al., 2018
Inhibit lipid peroxidation
Carotenoids Lycopene Process singlet oxygen Anti-inflammatory 7.8-18.1 mg in tomato Eldahshan and Singab,
Trap peroxyl radicals Pro-vitamin A activity, 1.82-3.6 g in different 2013
Inhibit radical-induced converted to retinoids buffaloberry cultivars Marti et al., 2016
lipid peroxidation after breaking (oculo Chaudhary et al., 2018
Reduce ROS protective effects) Murillo et al., 2010
production by Enhance immune GraBmann, 2005
nonphotochemical system Riedl et al., 2013
quenching of Anti-proliferative and
chlorophyll fluorescence  anti-carcinogenic
Zeaxanthin 200 pg in mandarins Murillo et al., 2010
7.92 mg in South
American sapote
6 mg in orange pepper
340 pg in tomato
p-Carotene 0.1-1.2 mg in tomato Marti et al., 2016
1.5-8.8 mg in apricot Sass-Kiss et al., 2005
Thiols Glutathione Process ROS via Neuroprotective effects 1,3 mg in mango Ding et al., 2007

enzymatic and non-
enzymatic reactions
ROS scavenging
Maintain thiol
equilibrium
S-glutathionylation of
Cys residues allowing
regulation of central
metabolism during
oxidative stresses

Involve in asthma
prevention and
treatment

210-298 ug in
strawberries
16-19.5 mg in tomato

Fitzpatrick et al., 2012
Smeyne and Smeyne,
2013

Erkan et al., 2008
Martins et al., 2018
Noctor et al., 2018
Keutgen and Pawelzik,
2007

(Continued)
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TABLE 1 | Continued

Biochemical = Compound Antioxidative Antioxidant activity Effect on human Source example (per Key references
class class metabolite health 100 g FW)
Vitamins Tocochromanols a-Tocopherol Prevent lipid Anti-anemia 0.5-1,1mgin Gugliandolo et al., 2017

(VE) peroxidation by
scavenging free radicals
(donating hydrogens)
using ascorbate to be
regenerated

Prevent the oxidation of
carotenoids

Essential macronutrient
for human maintaining
cell membrane integrity
Process ROS via
enzymatic and non-
enzymatic reactions
Allow the regeneration
of tocopherols and
carotenoids

Ascorbate

(VC)

Neuroprotective effects

Anti-scurvy
Anti-inflammatory
Anti-cancer

tomato; 0.6-0.8 ug in
MoneyMaker cultivar
1,6-3,2 mg in red
sweet pepper

3.8 mg in green olives
of total tocopherol +
tocotrienols

10-15mgin
commercial cultivars of
tomato and until 70 mg
in ancestral cultivars
54-87 mg in different
cultivars of strawberries

Giovinazzo et al., 2004
Chaudhary et al., 2018
Dasgupta and Klein,
2014

Raiola et al., 2015

Chun et al., 2006
Knecht et al., 2015

Chaudhary et al., 2018
Martins et al., 2018
Stevens et al., 2007
Skupien and Oszmianski,
2004

Justi et al., 2000

2.4-3g in camu-camu

TABLE 2 | Examples of ASC, GSH and NAD/P(H) sources in fruits.

Source example References

(per 100 g FW)

ASC 10 to 15 mg in tomato Stevens et al., 2007
54-87 mg in strawberries Skupien and Oszmianski, 2004
2.4-3 g in camu-camu Justi et al., 2000

GSH 1.3 mg in mango Ding et al., 2007
16-19.5 mg in tomato Giovinazzo et al., 2004
210-298 g in strawberries Cervilla et al., 2007

Keutgen and Pawelzik, 2007

NAD+ 3.21 mg in red fruits and 2.22 Osorio et al., 2013b
mg at breaker stage in tomato Centeno et al., 2011
780 pg in orange Bruemmer, 1969
400 pg in grapefruit

NADH 5.82 mg in red fruits and Osorio et al., 2013b
4.94 mg at breaker stage in Centeno et al., 2011
tomato Bruemmer, 1969
170 pg in orange
50 g in grapefruit

NADP+ 0.46 mg in red fruits and 0.77 Osorio et al., 2013b
mg at breaker stage in tomato Centeno et al., 2011
89 pg in orange Bruemmer, 1969
69 g in grapefruit

NADPH 3.88 mg in red fruits and 3.23 Osorio et al., 2013b

Centeno et al., 2011
Bruemmer, 1969

mg at breaker stage in tomato
119 g in orange
89 g in grapefruit

grapefruits (Bruemmer, 1969), which is congruent with the
redox status of photosynthetic tissues (Gakiere et al., 2018b).
This clearly suggests a diversity in fruit redox homeostasis as
fruit growth influences the redox state of pyridine nucleotides.
Furthermore, these three major cellular redox buffers display
distinct redox potential: —0.1, —0.23 and —0.32 mV for the
ASC/DHA, GSH/GSSG and NAD(P)*/NAD(P)H couples,
respectively (Figure 2). In this case, as pyridine nucleotides have
a lower redox potential, they will be detrimental for electron
transfer to GSH and ASC during redox mechanisms.

THE IMPORTANCE OF THE REDOX HUB
FOR FRUIT SIGNALLING

The redox hub consists of all the molecular partners able to
generate, process or trigger oxidative signals, whilst the resulting
redox signalling can modulate the physiology of plant organs
including fruits (Mittler, 2017; Noctor et al., 2018). Fruits are a
major source of central metabolites (Osorio et al., 2013a; Roch
et al., 2019), such as carbohydrates, lipids, amino and organic
acids, but also vitamins and other antioxidant metabolites that
play important roles in fruit biology (Figure 3). Besides, redox
status is also at the heart of the control of metabolic processes
(Geigenberger and Fernie, 2014). One among many reasons is
the prominence of pyridine nucleotides (NAD/P(H)) as master
regulators of hundreds of biochemical reactions (Gakiere et al.,
2018a), together with ascorbate/dehydroascorbate (ASC/DHA)
and glutathione (GSH/GSSG) couples (Noctor et al., 2018). In this
context, we will present recent advances in our understanding of
key spatiotemporal redox signals that occur during developmental
processes and in response to environmental changes, including
redox buffers that balance the redox poise (Figure 4).

Redox and Central Metabolism During
Fruit Development

Fruit development comprises three main phases: cell division,
cell expansion and ripening. As green organs, young fruits
and leaves share some similarities due to the presence
of photosynthetically active chloroplasts driving central
metabolism, hence developmental processes (Cocaliadis et al.,
2014). Fruit photosynthesis can contribute to the production
of starch, which can then be turned into soluble carbohydrates
during ripening. In tomato, a number of studies points towards
the importance of the mitochondrial malate valve in transmitting
redox status to the plastids, which will influence plastidial
metabolism (Centeno et al., 2011; Osorio et al., 2013b). In fact,
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FIGURE 4 | Pivotal role of redox signalling for fruit growth and stress responses. Fruits produce ROS and other redox signals during development and in
response to environmental stress. Reactive oxygen species homeostasis is finely tuned between ROS production and processing. This involves several
enzymatic and non-enzymatic mechanisms, including antioxidant metabolites and major redox buffers (NAD/P(H), ASC and GSH) that allow antioxidant cycles to
process excess of ROS. When ROS levels are too high, the resulting oxidative stress would damage cellular structures.
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decreasing malate content in the growing fruit could stimulate
the activation state of AGPase (EC 2.7.7.27), leading to increased
starch and soluble sugar pools in ripening tomato. Intriguingly,
such metabolic repercussions tend to provide tolerance of tomato
to water loss, wrinkling and pathogenic infections. This supports
the paradigm of a versatile role of redox signals in metabolic
regulation throughout development and in response to stress
(Tianetal., 2013). Another hallmark of this growth phase is when
chloroplasts become chromoplasts by losing green chlorophylls
at the expense of coloured antioxidants like carotenoids (Lado
et al., 2015; Marti et al., 2009). Concomitantly, the expression of
nuclear- and plastid-encoded photosynthetic genes drops as the
fruit ripens. It is noteworthy that ROS synthesis influences the
accumulation of carotenoids (Pan et al., 2009), which are major

scavengers of singlet oxygen, specifically B-carotene, tocopherol
and plastoquinone (Miret and Munné-Bosch, 2015). Besides
carotenoids, anthocyanins can accumulate in the growing fruits
and contribute to both red/purple/blue colours and antioxidant
properties [Table 1; (Mufoz and Munné-Bosch, 2018)]. Whilst
carotenoids accumulate primarily within lipophilic membranes,
anthocyanins are stored in the vacuole where their colour
depends on their chemical structure, which is influenced by
vacuolar pH (Jaakola, 2013). In this context, recent studies
have reported a critical role for epigenetic processes in growing
tomato fruit by linking DNA demethylation levels with
transcriptomic changes of genes involved in fruit antioxidant
biosynthesis (e.g. flavonoids, carotenoids) (Lang et al., 2017).
Conversely, however, development and ripening of orange,
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a nonclimacteric fruit, were correlated with an increase in DNA
methylation levels, together with repression of photosynthetic
genes (Huang et al., 2019). Thus, fruit development is likely
to present remarkable discrepancies in terms of redox signals,
their source (e.g. chloroplastic, mitochondrial, peroxisomal,
apoplastic) and the duration and extent of oxidative stress, even
at early stages of fruit growth in comparison to leaves (Mufioz
and Munné-Bosch, 2018).

Ripening is an important end process of fruit development
that involves multiple molecular regulations (Osorio et al,
2013a). It is mediated by redox signalling, more specifically
during the chloroplast-to-chromoplast transition and in the
mitochondrial compartment, where protein carbonylation
occurs and respiration rates increase, thus affecting the
redox state when sugar supply becomes limiting (Qin et al.,
2009a; Tian et al., 2013). As the fruit ripens, oxidative stress
progressively augments, like in peach, tomato, pepper and
grape berries (Vitis vinifera), where H,0, pools accumulate
upon changes in skin colour (Jimenez et al., 2002; Marti et al.,
2009; Qin et al., 2009a; Pilati et al., 2014; Kumar et al., 2016).
In fact, it is assumed that ROS accumulation produces two
distinct peaks during fruit growth: first at the onset of ripening
and second at overripening either preharvest or postharvest
(Munoz and Munné-Bosch, 2018). It is possible that increased
oxidative stress might favour fruit softening, which is beneficial
for seed release (Jimenez et al., 2002). This would explain why
short life tomato cultivars are redox-stressed and present lower
antioxidant activities (Cocaliadis et al., 2014).

Because of ROS imbalance, oxidative signals need processing
via cellular redox buffering and the antioxidant machinery to
avoid cellular damage (Figure 4). In ripening grape berries,
accumulated levels of H,0O, are accompanied with a concomitant
stimulation of CAT activity (Pilati et al., 2014). Moreover, under
oxidative stress, increases in activities of APX, MDHAR and GR
are seen in peach (Camejo et al., 2010). Contrasting observations
are reported for peroxidases: ripening phase is associated with
increased PX activities in mango, apples and banana fruit,
whilst tomato, strawberry and capsicum show a decline in
these activities (Pandey et al., 2012, and references therein).
The importance of antioxidant systems for ripening is also
exemplified in grapevines where there is a strong developmental
modulation of ASC metabolism at the biosynthetic, recycling
and catabolic levels (Melino et al., 2009). Fruit growth of wine
grapes can witness a gradual induction of ASC biosynthesis
and subsequent changes in the accumulation of ASC and two
derivatives: tartaric and oxalic acids. Whilst immature berries
showed a swift accumulation of ASC together with a low ASC/
DHA redox ratio, ripe fruits instead showed an increased
accumulation of ASC and higher ASC/DHA ratio. Additionally,
acerola, an exotic fruit cultivated mostly for its ascorbic acid
content, shows differential regulation of MDHAR and DHAR
genes during fruit ripening (Eltelib et al., 2011). A comparison
of ASC metabolism in mandarin and orange, two citrus
species harbouring different ASC contents in pulp, deepens
our understanding of the differences in ASC concentrations in
fruit (Yang et al., 2011b). This study revealed that higher ASC in
ripening orange was associated with an augmented expression

of four genes involved in ASC biosynthesis, encoding GDP-
D-mannose-3’,5"-epimerase (EC 5.1.3.18), GDP-1-galactose-
phosphorylase (EC 2.7.7.69), L-galactose dehydrogenase (EC
1.1.1.316) and L-galactono-1,4-lactone dehydrogenase (EC
1.3.2.3), together with attenuated activities of ASC oxidase and
ASCperoxidase, whichareinvolvedin ASC degradation. Another
elegant work on isolated mitochondria from ripening tomato
fruits has reported a global stimulation of the ASC-GSH cycle
at the enzyme level (Lopez-Vidal et al., 2016). Recently, a system
biology approach in tomato has been conducted based on large-
scale transcriptomic, proteomic, metabolic and phenotypic data
for orange fruit of RNAi lines for three enzymes involved in ASC
metabolism (AO, GLD and MDHAR) (Stevens et al., 2018). The
ASC redox state has been reported to influence the expression
of genes involved in cellular protein synthesis and stability and
ribosomal function. Besides redox functions, synthesis of ASC is
also crucial for tomato fruit growth (Garcia et al., 2009; Mounet-
Gilbert et al., 2016), as exemplified by profound growth stunting
of tomato fruits silenced in mitochondrial ASC synthesis
(Alhagdow et al., 2007). Another recent study of protein
turnover at global scale in the developing tomato fruit revealed
a stage-specific response of protein profiles that were associated
to various redox functions (Belouah et al., 2019). Changes in
redox-related proteins were represented in the young fruit (e.g.
SOD, APX) and at ripening (e.g. MDHAR, GR). Hence, ASC
metabolism appears to be central to redox homeostasis during
fruit development.

Upon stress and senescence (i.e. ageing), oxidative alterations
can drastically target proteins, resulting in conformational
changes and thus impairing their catalytic functions. Methionine
(Met) and cysteine, which contain sulphur, are probably the
most susceptible to ROS oxidation (Davies, 2005). In the case
of Met, oxidation can be reversed by Met sulphoxide reductase
(MSR, EC 1.8.4.11/12) (Emes, 2009; Rey and Tarrago, 2018),
which has been reported to play a role in senescing litchi fruit
through down-regulation of MSR genes (Jiang et al., 2018). In
leaves, previous works have suggested a link between MSR and
the homeostasis and redox balance of NAD/P(H) (Pétriacq
et al,, 2012, Pétriacq et al., 2013). Besides MSR, a stimulation of
the antioxidant systems in tomato fruit mitochondria has been
reported to be associated with a differential carbonylation of
mitochondrial proteins in breaker and light red tomato fruits,
which might participate in protein degradation and cellular
signalling (Lopez-Vidal et al., 2016). Besides targeting proteins,
aging of fruit encompasses other redox-related changes. In the
pulp of Kyoho grape, postharvest senescence and rotting are
accompanied by an accumulation of oxidative signals (e.g.
malondialdehyde, hydrogen peroxide, superoxide anion) and
a concomitant depletion of several antioxidant systems (e.g.
ascorbate, flavonoids, total phenolics, reducing sugars) (Ni
et al., 2016). Interestingly, exogenous treatment with hydrogen
sulphide could alleviate those redox perturbations by enhancing
the activity of antioxidant enzymes, such as CAT and APX, and
by attenuating those of lipoxygenase in the pulp and peel of
Kyoho grape.

Additionally, not only central metabolism links to redox
signalling in fruit but also more specialised pathways involving
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phytohormones (Symons et al., 2012; Leng et al., 2013). In red
raspberry, a nonclimacteric crop fruit, the stage of ripeness at
the time of harvest determines the antioxidant contents (e.g.
anthocyanins, ellagitannins, vitamins C and E, carotenoids)
(Beekwilder et al., 2005; Miret and Munné-Bosch, 2016).
Application of the carotenoid-derivative hormone ABA after
fruit set modulates the ASC/DHA ratio in young berries and
more than doubles ASC pools in ripe fruit. Such an effect
was partially explained by alterations of ASC oxidation and
recycling through the activities of AO, APX, DHAR and
MDHAR (Miret and Munné-Bosch, 2016). In postharvest
conditions, fruit decay is a major issue caused by perturbation
of the redox balance, including ROS production (Pétriacq
et al., 2018). Thus, antioxidant mechanisms (e.g. ASC total
pool and redox state, ASC-GSH cycle) are important actors
throughout fruit growth, which is further evidence for the
idea that ROS act as metabolic by-products requiring a
finely tuned homeostasis (Figure 4). In an agri-food context,
further research is required to disentangle the implication of
each redox event occurring during fruit development, so that
efficient strategies can be adopted to improve fruit production
and storage.

Nevertheless, the active depiction of redox fluxes by
deciphering redox signatures in plant biology is extremely
tedious, if not impossible, probably due to the extreme reactivity
of ROS and related redox signals and to the intricacy of the redox
hub. However, a very interesting and promising alternative to
measurements of redox pools and antioxidant systems is the
use of mathematical modelling of metabolism, in particular
for redox branches. In the context of central metabolism,
previous studies elegantly shed a different light on climacteric
respiration in tomato fruit using stoichiometric models
(Colombié et al., 2015, Colombié et al., 2017). Using a medium-
scale stoichiometric model, energy and the redox cofactors
NAD(H) and NADP(H) were defined as internal metabolites
and balanced so that constraining of the metabolic network
was possible not only through C and N homeostasis, but also
through the redox and energy status (Colombié et al., 2015).
This model suggested a consistent requirement of NADPH for
biomass synthesis and demonstrated that higher ATP hydrolysis
was required for growth starting at the end of cell expansion and
that a peak of CO, was released at the end of tomato ripening.
This coincided with climacteric respiration of tomato fruit and
involved energy dissipation by the AOX (Figure 1B), a redox
marker of the mitochondrial compartment (Polidoros et al.,
2009; Pétriacq et al., 2016). This was further confirmed by a
more detailed stoichiometric model of the respiratory pathway,
including AOX and uncoupling proteins (Colombié et al.,
2017). Moreover, the recent flux analysis performed with grape
cells under nitrogen limitation showed differently regulated
fluxes were involved in the flavonoid (phenylpropanoid)
pathway and in major carbon fluxes supporting a strong link
between central metabolism and cell redox status by energy
(ATP) and reducing power equivalents (NADPH and NADH)
(Soubeyrand et al., 2018). Thus, mitochondrial function plays
a notable role along fruit development in mitigating the redox
poise upon an imbalance between energy supply and demand.

In complement, when omics strategies failed to measure
oxidative fluxes accurately, kinetic modelling of metabolism has
proven to be a complementary and promising approach as it
offers, with enzymatic and metabolic parameters, the possibility
to describe quantitatively fluxes of cycling pathways such as
redox metabolism. For instance, this was achieved previously
for sucrose metabolism in the developing tomato fruit via a
model of 13 differential equations describing the variations of
hexoses, hexoses-phosphates and sucrose as a function of 24
enzyme reactions (Beauvoit et al., 2014). Similar approaches to
redox cycles are necessary to obtain novel insights into the active
redox dynamics involved in fruit biology.

The Key Role of ROS and Cognate

Redox Signals in Fruit Responses to
Environmental Constraints

The generation of ROS is a crucial process in response of
plants to a changing environment and contributes to establish
adaptive signalling pathways (Noctor et al., 2014). Oxidative
stress typically comes as a secondary stress after primary
stresses, whether they are abiotic constraints (Figure 4), such
as drought or flooding, wounding, high light, cold or heat
stress or biotic stresses including pest attacks or bacterial and
fungal infections. Fruits are no exception to this rule: ROS can
originate from NADPH oxidases (Figure 1B), specifically with
respect to biotic and abiotic environmental challenges (Torres
and Dangl, 2005; Suzuki et al., 2011; Mittler, 2017). Upon cold
stress in apple fruits, NADPH oxidases might function via a
regulatory node that integrates ethylene and ROS signalling
pathways (Zermiani et al., 2015). In strawberry fruits, recent
identification of NAPDH oxidase genes indicated that FvRbohA
and FvRbohD might be involved in cold stress and defence
responses (Zhang et al., 2018).

At present, it is assumed that major redox couples (NAD/
P(H), ASC, GSH) are integral regulators of stress responses
in plants (Figure 4), including both abiotic and biotic
stresses (Pétriacq et al., 2013; Noctor and Mhamdi, 2014;
Smirnoff, 2018; Gakieére et al., 2018a). For instance, exogenous
application of NAD* confers resistance to citrus canker
disease in citrus (Alferez et al., 2018). In coherence with a
modulation of these redox buffers, the antioxidant system
further contributes in processing excess of ROS within stressed
tissues (Foyer and Noctor, 2011; Smirnoff and Arnaud, 2019)
(Figure 4). Additionally, redox processes dominate hormonal
signalling via the stress hormones salicylic (SA), jasmonic
(JA) and abscisic acids, which play a critical role in metabolic
adjustments under stress conditions (Leng et al, 2013;
Geigenberger and Fernie, 2014; Gakiere et al., 2018a). Thus,
a complex signalling network is devoted to shaping the fruit
responses to stress. However, the interrelation between these
multiple signalling partners is poorly understood, and its study
will necessitate further research.

As for developmental processes (Figure 4), a hallmark of
plant responses to stress is the activation of the ASC-GSH
cycle (Figure 2). Upon arsenic and silicon exposure, fruits of
two tomato cultivars exhibited different but profound redox
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perturbations of H,0, and antioxidant contents (e.g. lycopene,
carotenoids and phenolics), ASC and GSH redox states and lipid
peroxidation (Marmiroli et al., 2017a). Alternatively, a detailed
proteomic study on tomato fruit confirmed the implication of
ASC- and GSH-related proteins in response to this abiotic stress
(Marmiroli et al., 2017b). Some of these redox alterations (H,O,,
ASC and GSH redox states, total carotenoids and phenolics) were
proposed as reliable arsenic exposition biomarkers for further
studies that could broaden our knowledge on arsenic-induced
abiotic stress in fruit (Marmiroli et al., 2017a). Besides arsenic, hot
air treatment of strawberry fruits directly triggered the induction
of antioxidant enzymes (e.g. CAT, APX and SOD), which further
leads to a reduction of necrotrophic lesions caused by the fungal
pathogen Botrytis cinerea (Jin et al., 2016). Additionally, a study
of cold and light stress in tomato fruit unveils an interaction
between temperature and light to modulate synthesis, recycling
and oxidation of ASC in fruit (Massot et al, 2013). Light
promoted the accumulation of ASC and GSH in tomato fruit,
thus supporting the hypothesis of a stimulation in ASC synthesis
by light (Gautier et al., 2009; Massot et al., 2012; Baldet et al.,
2013; Smirnoft, 2018).

Redox signalling is associated with physiological disorders
in fruits stored under multiple environmental stresses, such as
for pome fruit, where redox-related metabolites are likely to
accumulate (e.g. y-aminobutyrate [GABA]) or rapidly decline
(e.g. ASC, GSH) after exposure to low O, and/or elevated
CO, environments (Lum et al., 2016). This in turn results in
disturbances of the energetic and oxidative balance. In this
context, both GABA and antioxidant metabolism are regulated
by NAD/P(H) ratios, which confirms the tight link between
cellular redox buffers and the regulation of oxidative metabolism
(Trobacher et al., 2013; Lum et al, 2016) (Figure 4). A
characterisation of TRX genes in harvested banana fruit suggests
that the protein MaTrx12 regulates redox homeostasis, which
impacts chilling tolerance (Wu et al., 2016). In tomato fruit, a
combination of deep sequencing and bioinformatics revealed
163 circular RNAs that exhibited chilling responsive expression,
among them several ones predicted to be involved in redox
reactions and various stress signalling pathways (e.g. heat/cold
shock protein, energy metabolism, hormonal responses, salt
stress, cold-responsive transcription factors) (Zuo et al., 2016).

Infection of fruits with pathogenic microbes is a pressing
issue due to dramatic postharvest diseases that can claim up
to 50% of the total production worldwide (Romanazzi et al,
2016; Pétriacq et al., 2018). Resistance inducers have been
used as promising strategies to elicit fruit defences against
phytopathogens (Pétriacq et al., 2018). A global transcriptional
analysis of strawberry fruit has demonstrated that the fungal
elicitor chitosan and the salicylate-mimicking compound
benzothiadiazole modulate chloroplastic signals to trigger
various defence responses through redox alterations (e.g. PX,
GST, GRX) (Landi et al., 2017). Accordingly, induction of sweet
orange with chitosan or salicylic acid also alters the redox
status of the cell (e.g. TRX, SOD, PX), as exemplified through
RNAseq data (Coqueiro et al., 2015). Another example comes
from Peronophythora litchii-infected litchi fruits that exhibit
lower infection symptoms after treatment with a novel chitosan

formulation (Jiang et al., 2018). Disease tolerance was correlated
inlitchi pericarp with higher activities of defensive (e.g. chitinase,
phenylalanine lyase, glucanase) and antioxidant enzymes
(e.g. SOD, CAT, APX), a lower O, generation rate and lower
malondialdehyde levels and higher contents of redox buffers
including ascorbic acid and glutathione and reducing power.
Moreover, priming of tomato seedlings with f-aminobutyrate
(BABA), a novel phytohormone (Thevenet et al., 2017), confers
resistance of tomato fruits to the fungal pathogen B. cinerea
through metabolic rearrangements including antioxidant (e.g.
flavonoids, polyphenols) and ABA contents (Wilkinson et al.,
2018). This resistance was also associated with a delay in fruit
ripening, which suggests a metabolic trade-off for defence
metabolism versus fruit growth. Together, phytopathologic
studies confirm the trigger of an oxidative burst in infected fruit
tissues, for which excess ROS are mitigated both by a stimulation
of enzymatic antioxidant systems and nonenzymatic protective,
scavenging molecules (Tian et al., 2013). Hence, unsurprisingly,
induction of antioxidant functions has proven to be effective
in controlling postharvest diseases in fruits (Romanazzi et al.,
2016; Pétriacq et al., 2018).

Practical Applications Towards Modifying
Redox Metabolism in Fruits

Although the precise functions of redox regulators remain to be
evidenced, a few practical applications are currently explored
towards modifying redox biology in fruits. From a human health
perspective, fruit redox metabolism received much attention since
fruits and vegetables are major sources of essential antioxidative
metabolites and thus recommended in human diet (e.g. five a day,
http://www.fao.org/). Due to the intensively studied health effects
of antioxidants for their numerous benefits for aging, cancer and
chronic disorders, research focused on strategies to increase the
antioxidant contents in consumable product. Moderate success
has been obtained in engineering plants to increase antioxidants
content such as ASC, GSH and vitamin E (Wargovich et al., 2012;
Gallie, 2013). However, the Golden Rice, enriched in -carotene
(provitamin A), remains a successful story for redox application
in crops combining plant biotechnologies, antioxidant synthesis
pathway and human health (Botella-Pavia and Rodriguez-
Concepcion, 2006). Nevertheless, due to the importance of
ROS signalling in developmental processes, the modulation
of oxidative mechanisms can alter fruit growth. For instance,
engineering tomato fruits to increase levels of antioxidants
by enhancing chloroplast functions results in longer-lasting
and firmer fruits (Mehta et al., 2002; Zhang et al., 2013). Thus,
future applications need to consider the spatial and temporal
regulations of redox homeostasis during plant development to
improve significantly plant productivity.

Fruit physiological disorders during storage under
multiple environmental stresses are also associated with
redox perturbations (Lum et al., 2016). Fruit decay is a major
issue caused by changes of the redox balance, including ROS
production, in postharvest conditions (Pétriacq et al., 2018).
From an agri-food perspective, chilling stress is oxidative but
also particularly critical as low temperatures are often used
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to delay senescence of many fruits (Lallu, 1997; Bustamante
et al., 2016; Valenzuela et al., 2017; Alhassan et al., 2019).
Reactive oxygen species accumulate during fruit overripening,
which thus puts the improvement of fruit storage conditions
in the forefront of redox signalling applications (Mufoz
and Munné-Bosch, 2018). Furthermore, diverse chemical
treatments have been identified to limit ROS accumulation
by affecting either their production or processing. For
instance, nitric oxide postharvest treatment in cucumber was
associated with a decrease in ROS content and an increase
of APX, CAT and SOD activities (Yang et al., 2011a; Liu et
al.,, 2016). Other examples come from the use of chlorine
dioxide fumigation in longan fruit that displays a reduction
in enzymatic fruit browning (Saengnil et al., 2014) and
ozone applications in citrus industry that allow to improve
fruit shelf-life (Karaca, 2010). In addition, the plant defence
hormones methyl-jasmonate (MeJA) and methyl-salicylate
(MeSA) promote AOX gene expression in green pepper
(Purvis, 1997). More recently, it was reported that MeJA also
improved chilling tolerance of cucumber by increasing both
CAT gene expression and enzyme activity (Liu et al., 2016).
Biotechnological approaches have been further used to reduce
oxidative stress in fruits mostly by overexpressing main
ROS-processing enzymes (Figure 2) but also by increasing
the total antioxidant content. In this context, anthocyanin-
and flavonoids-enriched mango fruits have shown a better
tolerance to cold during storage (Sudheeran et al., 2018).

Importantly, practical applications to modulate redox
metabolism trigger plant resistance to biotic stresses. Fruits
can suffer substantial yield losses from diseases as fruit
decay at a postharvest level can claim up to 50% of the total
production worldwide (Pétriacq et al., 2018). Given that ROS
signalling is central to plant-pathogen interactions (Mittler,
2017), and main redox buffers are linked to defence hormonal
signalling (Pétriacqetal., 2013; Pétriacq etal., 2016; Pétriacq et
al., 2018), diverse treatment building on hormonal and redox
signalling has shown a lower disease incidence and symptoms.
For instance, nitric oxide treatment inhibits anthracnose
(Colletotrichum gloeosporioides) in ripening mango (Hu et
al., 2014) and further improves chilling tolerance in banana
fruit via an induction of the antioxidative defence system
(Wu et al., 2014). Additionally, MeSA and MeJA treatments
can be used to stimulate pathogen resistance and increase the
antioxidant content without affecting fruit quality in kiwi,
tomato and peach (Tzortzakis and Economakis, 2007; Zhang
et al., 2008; Fatemi et al., 2013).

CONCLUDING REMARKS AND FUTURE
OUTLOOKS

Notbeforetime,thesimple Manicheanbeliefof‘good’ reductants
and ‘bad’ oxidants, such as ROS, has become erroneous. There
is so much to learn from future molecular studies of redox
metabolism, particularly in fruit, for which an obvious lack
of fundamental knowledge needs to be addressed. Reactive
oxygen species production and cognate redox signals are key

to harmonious metabolism and contribute to establishing
adaptive signalling pathways throughout development and
in response of fruits to environmental events. Whilst redox
buffers, specifically ascorbate, clearly appear at the forefront
of oxidative regulation, these redox mechanisms also seem
to depend on the fruit species. Recent years have witnessed
a growing interest in developing both analytical technologies
(e.g. LCMS, NMR, ROS detection, redox proteomics) and
mathematical modelling to provide quantitative description
of the central metabolism and specialised pathways including
antioxidant processes (Qin et al., 2009a; Beauvoit et al.,
2014; Colombié et al., 2015; Colombié et al., 2017; Deborde
et al,, 2017). In tomato fruit, for instance, spatially resolved
distribution of metabolites including antioxidants will help
to decipher the involvement of such redox compounds in
physiological responses (Nakamura et al., 2017).

Studying key spatiotemporal redox processes involved in fruit is
of paramount importance. Numerous fruits, such as the ones from
the Solanaceae family (e.g. tomato, pepper, eggplant), not only
contain a cocktail of antioxidants (vitamins A and C, flavonoids),
but also domestication of these plants has reduced the content
in prohealth molecules such as vitamin C. Indeed, ascorbate was
higher in ancestral cultivars of tomato (Gest et al., 2013b; Palma
et al,, 2015). These are among the many reasons for ascorbate to
be at the heart of research on the plant redox hub, where plant
scientists endeavour to increase fruit ASC content, which should
improve human nutrition and plant tolerance to stress (Macknight
et al., 2017). Progress in understanding the molecular signatures
involved in the redox regulations that link central metabolism and
stress pathways will help to define novel strategies for optimal fruit
production and storage (Beauvoit et al., 2018).
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Central metabolism is the engine of plant biomass, supplying fruit growth with building
blocks, energy, and biochemical cofactors. Among metabolic cornerstones, nicotinamide
adenine dinucleotide (NAD) is particularly pivotal for electron transfer through reduction—
oxidation (redox) reactions, thus participating in a myriad of biochemical processes.
Besides redox functions, NAD is now assumed to act as an integral regulator of signaling
cascades involved in growth and environmental responses. However, the regulation of
NAD metabolism and signaling during fruit development remains poorly studied and
understood. Here, we benefit from RNAseq and proteomic data obtained from nine
growth stages of tomato fruit (var. Moneymaker) to dissect mRNA and protein profiles
that link to NAD metabolism, including de novo biosynthesis, recycling, utilization, and
putative transport. As expected for a cofactor synthesis pathway, protein profiles failed
to detect enzymes involved in NAD synthesis or utilization, except for nicotinic acid
phosphoribosyltransferase (NaPT) and nicotinamidase (NIC), which suggested that most
NAD metabolic enzymes were poorly represented quantitatively. Further investigations
on transcript data unveiled differential expression patterns during fruit development.
Interestingly, among specific NAD metabolism-related genes, early de novo biosynthetic
genes were transcriptionally induced in very young fruits, in association with NAD kinase,
while later stages of fruit growth rather showed an accumulation of transcripts involved
in later stages of de novo synthesis and in NAD recycling, which agreed with augmented
NAD(P) levels. In addition, a more global overview of 119 mRNA and 78 protein significant
markers for NAD(P)-dependent enzymes revealed differential patterns during tomato
growth that evidenced clear regulations of primary metabolism, notably with respect to
mitochondrial functions. Overall, we propose that NAD metabolism and signaling are very
dynamic in the developing tomato fruit and that its differential regulation is certainly critical
to fuel central metabolism linking to growth mechanisms.

Keywords: fruit, tomato, NAD, redox, development
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INTRODUCTION

Plant metabolism is maintained by universal metabolic
cornerstones including pyridine nucleotides such as
nicotinamide adenine dinucleotide (NAD) (Noctor et al., 2006;
Gakiere et al., 2018b). NAD and its phosphorylated form NADP
are ubiquitous electron carriers modulating energy homeostasis
through the transport of electrons within reduction-oxidation
(redox) processes (Geigenberger and Fernie, 2014; Gakiere
et al., 2018a). As a result of its capacity to transfer electrons,
NAD(P) is present in the cell as oxidized or reduced forms,
NAD(P)*, and NAD(P)H, respectively, where NAD(P) refer to
as the total pool of NAD(P)* and NAD(P)H. In plant cells, while
NAD is mostly found as oxidized NAD*, NADP mostly acts as a
reductant (NADPH) (Noctor et al., 2006; Gakiére et al., 2018D).
For instance, the regeneration of reducing equivalents (NADPH)
by the oxidative pentose phosphate pathway is necessary for the
B-oxidation of fatty acids and for nitrogen assimilation in non-
photosynthetic tissues (Neuhaus and Emes, 2000; Bowsher et al.,
2007). Phosphorylation of NAD(H) to NADP(H) is catalyzed
via highly conserved NAD* kinases (E.C. 2.7.1.23) and NADH
kinases (E.C. 2.7.1.86) playing essential roles in metabolic and
redox reactions including photosynthesis performance and
reactive oxygen species (ROS) homeostasis, which are both
crucial for plant growth and responses to stress (Turner et al.,
2004; Waller et al., 2010; Li et al., 2014; Li et al., 2018a).

Plant cells produce NAD* from the amino acid aspartate via a
de novo biosynthesis and a recycling pathway (Figure 1) (Katoh
etal., 2006; Gakiere et al., 2018Db). Briefly, de novo synthesis starts
with quinolinate formation in the chloroplast (Katoh et al., 2006)
from aspartate and dihydroxyacetone phosphate by aspartate
oxidase (AO; E.C. 1.4.3.16) plus quinolinate synthase (QS; E.C.
2.5.1.72) (Figure 1). Quinolinate phosphoribosyltransferase
(QPT; E.C. 2.4.2.19) catalyzes the subsequent conversion of
quinolinate to nicotinic acid (Na) mononucleotide (NaMN). The
next biochemical reactions are cytosolic (Suda et al., 2003; Magni
et al., 2004; Noctor et al., 2006; Hashida et al., 2007) and shared
between NAD biosynthesis and recycling. This thus requires the
transfer of NaMN to the cytosol, the transporter for which remains
to be discovered. NaMN is adenylylated to nicotinic acid adenine
dinucleotide (NaAD) by nicotinate mononucleotide adenylyl
transferase (NaMNAT; E.C. 2.7.7.1); then, NAD synthetase
(NADS; E.C. 6.3.1.5) finally amidates NaAD to NAD* (Gakiere
et al,, 2018b). As for other nucleotides that are salvaged, NAD*
can be recycled via the activity of nicotinamidases (NIC; E.C.
3.5.1.19) and nicotinic acid phosphorybosyltransferase (NaPT;
E.C. 2.4.2.11) (Figure 1). Due to its toxicity, nicotinate is stored
in plant cells as Na-conjugates such as nicotinate glucosides
and trigonelline (i.e., N-methylnicotinate) by glycosylation via
Na glucosyltransferase (NaGT; E.C. 2.4.1.196) or methylation
via Na-N-methyltransferase (NMT; E.C. 2.1.1.7) (Koster et al,,
1989; Li et al., 2015; Li et al., 2017). While the topology of NAD*
synthesis is well documented, the molecular and regulatory
details of the corresponding biochemical pathways remain
largely unknown, especially for fruit tissues. Deregulation of AO,
QS, and QPT levels in Arabidopsis thaliana leaves has shown that
such enzymes are critical in the control of pyridine nucleotide

levels and its derivatives (Schippers et al.,, 2008; Macho et al.,
2012; Pétriacq et al., 2012; Pétriacq et al., 2016). Na-glucosides
have been shown to play a role in seed germination and
contribute to resynthesis of NAD* in Brassicaceae (Li et al., 2017).
Although the physiological role of trigonelline in plants remain
unclear, trigonelline can also contribute, to a lesser extent, to the
resynthesis of NAD* and undergoes long-distance transport in
Arabidopsis (Upmeier et al., 1988; Wu et al., 2018).

Besides their redox functions, pyridine nucleotides can be
directly consumed by signaling reactions that influence plant
physiology through developmental processes and responses
to environmental changes, most particularly stress mitigations
(Hashida et al., 2009; Pétriacq et al., 2013; Gakiére et al.,
2018a). This includes calcium signaling (Figure 1), translational
modification of target proteins by ADP-ribose transfer from
NAD* via the poly-ADP-ribose polymerases (PARPs, E.C.
2.4.2.30) and mono-ADP-ribosyltransferase (E.C. 2.4.2.31), and
epigenetic regulations via the sirtuin histone deacetylases (SIRs,
E.C. 2.4.2.B14) (Hunt et al., 2004; Briggs and Bent, 2011; Kupis
etal,, 2016; Gakiere et al., 2018b). Furthermore, Nudix hydrolases
(NDXs, E.C. 2.4.2.13) can hydrolyze pyridine nucleotides and
participate in signaling functions (Kraszewska, 2008). NAD(P)
H can also undergo spontaneous and enzymatic hydrations
that generate NAD(P)H hydrates, which can be subsequently
repaired to NAD(P)H by NAD(P)H-hydrate dehydratases (E.C.
4.2.1.93/136) and epimerases (E.C. 5.1.99.6) (Niehaus et al.,
2014). Several reviews have previously covered these aspects that
link NAD* signaling to plant development and stress responses
(Mahalingam et al., 2007; Hashida et al., 2009; Pétriacq et al.,
2013; Gakiere et al., 2018a; Gakiére et al., 2018b). For instance,
research on pyridine nucleotide signaling mostly focuses on
photosynthetic tissues, sometimes roots and seeds (Hunt et al.,
2007; Hunt and Gray, 2009; Hashida et al., 2012). In Arabidopsis,
changes in NAD(P)* contents drastically alter growth phenotype,
as exemplified particularly for genotypes that are affected for
the first three enzymes of de novo biosynthesis (for a review see
Gakiere et al., 2018a). Following NAD(H) and NADP(H) levels
in Arabidopsis developing leaves further indicate a continuous
accumulation of the cofactors during foliar growth until the
pools drop with flowering (Queval and Noctor, 2007). A positive
correlation is observed between levels of NAD* and the resistance
of Arabidopsis plants to several biotic changes, including fungal
and bacterial infections (Zhang and Mou, 2009; Macho et al.,
2012; Pétriacq et al., 2012; Pétriacq et al., 2016). In citrus plants,
recent work highlights the importance of exogenous NAD*
treatment in inducing resistance against citrus canker (Alferez
et al,, 2018). Furthermore, NAD* might leak from the cellular
compartment and subsequently induce immune responses, which
is further supported by the discovery of a lectin receptor kinase as
a potential receptor for NAD* in Arabidopsis, also participating
in basal resistance against bacterial pathogens (Zhang and Mou,
2009). Hence, the implication of pyridine nucleotides as signaling
molecules is clearly established (Mou, 2017).

Only a handful of studies provide fruit-specific concentrations
of NAD(H) and NAD(P)H. Although previous changes in pyridine
nucleotides have been observed between green and red tomato
fruits of MicroTom and Moneymaker cultivars (Centeno etal., 2011;
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FIGURE 1 | Basics of nicotinamide adenine dinucleotide (NAD*) metabolism in plant cells. Biosynthesis and utilization of pyridine nucleotides (Pétriacq et al., 2013). Dot
arrows represent transport between the different cellular organelles. Purple and blue arrows indicate de novo synthesis pathway of NAD+, and the recycling pathway,
respectively. Pink arrows represent steps that are shared by these two synthesis pathways. Dashed red arrows indicate nicotinate metabolism. Indigo arrows show NAD(P)
H damage and repair, which can be spontaneous or catalyzed by NAD(P)H-hydrate dehydratase and epimerase. AO, aspartate oxidase; ATP, adenosine triphosphate;
cADPR(P), cyclic ADP-ribose (phosphate); cETC, chloroplastic electron transport chain; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;

mETC, mitochondrial electron transport chain; NaAD, nicotinic acid adenine dinucleotide; NADK, NAD kinase; NADP, NAD phosphate; NADPase, NADP phosphatase;
NAD(P)HX, NAD(P)H hydrate; NaMN, nicotinic acid mononucleotide; NaMNAT, NaMN adenylyltransferase; NADS, NAD synthetase; NaGT, nicotinate N-glucosyltransferase;
NaPT, nicotinate phosphoribosyltransferase; NDT, NAD* transporter; NIC, nicotinamidase; NMT, nicotinate N-methyltransferase; PARP, poly-ADP-ribose polymerase;

PXN, peroxisomal NAD carrier; QPT, quinolinate phosphoribosyltransferase; QS, quinolinate synthase; ROS, reactive oxygen species; TCA, tricarboxylic acid cycle.

Osorio et al., 2013), to our knowledge, no developmental fruit series
have been analyzed so far. Tomato fruit is not only an important crop
that is widely used for human diet but also pivotal for fruit research
(Lietal, 2018b). During tomato fruit development, a medium-scale
stoichiometric model suggested that biomass synthesis required
NADPH and higher ATP hydrolysis at the end of cell expansion
(Colombié et al., 2015). This was further associated with a peak
of CO, at the end of tomato ripening coinciding with climacteric
respiration of tomato fruit and involved energy dissipation by the
mitochondrial alternative oxidase. This was further confirmed by
a more detailed stoichiometric model of the respiratory pathway,
including alternative oxidase and uncoupling proteins (Colombié
et al., 2017). In grape berry, reducing power equivalents (NADH

and NADPH) were also associated with major carbon fluxes, thus
supporting a strong link between central metabolism and pyridine
nucleotides (Soubeyrand et al., 2018).

In the present work, as a first attempt to clarify the importance
of pyridine nucleotides in the developing fruit, we used a
developmental fruit series of nine growth stages of tomato fruit
(var. Moneymaker) and measured pyridine nucleotide pools. We
further examined quantitative data for transcript and protein
levels previously obtained by RNAseq and proteomics (Belouah
etal,, 2019) and revealed changes in NAD(P) metabolism during
fruit development. Our studies show that NAD(P) metabolism
and signaling are very dynamic and crucial to the developing
tomato fruit and link to central metabolism.
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MATERIALS AND METHODS

Plant Material and Growth Conditions
Tomato fruit pericarps were obtained from Solanum lycopersicum
L. var. Moneymaker as previously described (Biais et al., 2014).
Briefly, tomato plants were grown under usual production
greenhouse conditions in southern western France (44°23'56"N,
0°3525”E) from June to October, using a nutrient solution
(detailed in Biais et al., 2014) to adjust plant growth and water
supply to the climate via a drip irrigation system that maintained
20-30% drainage (pH adjusted to 5.9, electrical conductivity to
2.2 mS.cm™). Flower anthesis was monitored on trusses 5, 6,
and 7, and fruits were harvested at nine developmental stages
(thereafter referred to as GSI to 9), at about 8, 15, 21, 28, 34,
42 (mature green), 49 (turning), 50 (orange), and 53 (red ripe)
days post anthesis (dpa). Seeds, jelly, and placenta were first
removed for each fruit, and the resulting pericarp was cut into
small pieces, which were immediately frozen in liquid nitrogen.
Pericarp samples were ground to powder and stored at —80°C
until further analysis.

Quantification of NAD(P) Contents in
Tomato Fruit

Total cellular soluble pools of NAD*, NADH, NADP*, and NADPH
were measured from fruit pericarps of nine developmental
stages of tomato fruit according to a coupled enzyme assay
described previously (Pétriacq et al., 2012) using HiT-Me
Facility at MetaboHUB-Bordeaux (https://doi.org/10.15454/
1.5572412770331912E12 Plateforme Metabolome Bordeaux,
http://metabolome.cgfb.u-bordeaux.fr/en). Briefly, from the
same fresh ground fruit material (20 mg), oxidized forms
NAD* and NADP* were extracted in 200 ul HCI (0.2 N) and
reduced forms NADH and NADPH in 200 pul NaOH (0.2
N) as detailed in (Queval and Noctor, 2007). Microplate
measurements of oxidized NAD* and NADP* (Pétriacq et al.,
2012) were confirmed from methanolic extracts using ion-pair
liquid chromatography coupled to mass spectrometry (LCMS)
technique described previously (Arrivault et al., 2009).
Resulting metabolite levels were expressed in nmol.g™! fresh
weight (FW) for independent bioreplicates (n = 3) and checked
for statistical significance by ANOVA for global variation and
by binary comparison of Student’s ¢ test (P < 0.05). Volumes
of cytosol and all organelles, except vacuole, were used to
express metabolite pools as cellular concentrations by dividing
pyridine nucleotide pools by the volume corresponding to each
growth stage, as previously described (Beauvoit et al., 2014).

RNAseq and LC-MS/MS Proteomics of
Developing Tomato Fruit

RNA and proteins were extracted and analyzed as described
previously (Belouah et al., 2019) by RNAseq (GeT-PlaGe core
facility, INRA Toulouse, France, http://get.genotoul.fr) and
LCMS/MS-based proteomics (PAPPSO, INRA Moulon, France,
http://pappso.inra.fr/index.php), respectively. Briefly, total RNA
was isolated from frozen tissue powder of tomato pericarp using
plant RNA Reagent (PureLink Kit, Invitrogen) followed by DNase
treatment (DNA-free Kit, Invitrogen) and purification over

RNeasy Mini spin columns (RNeasy Plant Mini Kit, QIAGEN),
according to the manufacturer’s instruction. RNA integrity
was assessed using the RNA 600 Nano Kit with a Bioanalyzer
2100 system (Agilent Technologies). RNAseq was performed at
the GeT-PlaGe core facility, INRA Toulouse (France). RNAseq
libraries were prepared according to Illumina’s protocols using
the TruSeq Stranded mRNA Sample Prep Kit to analyze mRNA.
Library quality was assessed using an Agilent Bioanalyzer, and
libraries were quantified by quantitative PCR (qPCR) using the
Kapa Library Quantification Kit. RNAseq experiments were
performed on an Illumina HiSeq 2000 or HiSeq 2500 (2x100 bp).

Protein Extraction and Quantification

Total proteins from tomato pericarp were extracted as in
(Faurobert et al,, 2007). LC-MS/MS analyses were performed
with a NanoLC-Ultra System (Nano-2D Ultra, Eksigent, Les Ulis,
France) coupled with a Q Exactive Mass Spectrometer (Thermo
Electron, Waltham, MA, USA) as in (Havé et al., 2018). For each
sample, 800 ng (4 ul from a 0.200 ng.pl! solution) of protein digest
were loaded onto a Biosphere C18 pre-column (0.1 x 20 mm, 100
A, 5 um; Nanoseparation) at 7.5 pl.min' and desalted with 0.1%
(v/v) formic acid and 2% ACN. After 3 min, the pre-column was
connected to a Biosphere C18 nanocolumn (0.075 x 300 mm, 100 A,
3 um; Nanoseparation). The raw MS output files and identification
data were deposited online using the PROTICdb database (http://
moulon.inra.fr/protic/tomato_fruit_development).

Protein identification was performed using the protein sequence
database of S. Iycopersicumn Heinz assembly v 2.40 (ITAG2.4)
downloaded from https://solgenomics.net/ (34,725 entries). A
contaminant database, which contains the sequences of standard
contaminants, was also interrogated. Criteria used for protein
identification were (1) at least two different peptides identified with
an E-value smaller than 0.01, and (2) a protein E-value (product
of unique peptide E-values) smaller than 10-°. Using reversed
sequences as a decoy database, the false discovery rate for peptide
and protein identification was respectively 0.05 and 0%.

Data Analysis of mRNA and
Protein Profiles
Datasets consisted of 22,877 transcript and 2,375 protein profiles
and were made publicly available via GEO repository (Barrett
et al., 2013) with the accession number GSE12873 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128739)  for
the transcripts. The proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al.,
2019) partner repository with the dataset identifier PXD012877.
Prior to uni- and multivariate statistical analyses, mRNA and
protein data were pre-processed to normally distributed data by
performing median normalization, cube-root transformation,
and Pareto scaling of the data intensities as described previously
(Belouah et al., 2019). Normalized datasets were then used to
construct score plots of principal component analysis (PCA) for
transcriptomic and proteomic overview using MetaboAnalyst v
4.0 (http://www.metaboanalyst.ca/), or dendrograms of clustering
analysis by Pearson’s correlation with complete clustering linkage
using MeV v 4.9.0 (http://mev.tm4.org/). Significant markers of
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both transcripts and proteins were determined by ANOVA after
discarding false positives (P < 0.01 corrected for multiple testing
by Bonferroni method). Details of ANOVA P values are given
in Supplemental Tables S1-3. Transcript and protein features of
NAD-dependent functions were selected by identifying domains
(InterPro and GO) that were annotated to bind or process
pyridine nucleotides using Assembly v 2.40 (ITAG v 2.4) from Sol
Genomics (https://solgenomics.net/) and UniProt (https://www.
uniprot.org/). Data mining of publicly available gene expression
data was conducted using Tomato Expression Atlas (http://tea.
solgenomics.net/) (Fernandez-Pozo et al,, 2017). Functional
annotation of mRNA and protein markers was performed based
on gene ontology using Mercator4 v1.0 (https://plabipd.de/
portal/mercator4) (Schwacke et al., 2019).

Enzymatic Activities of Dehydrogenases
Malate dehydrogenase and isocitrate dehydrogenase activities
were measured according to an in-house protocol (Biais et al.,
2014). Briefly, aliquots of about 20-mg FW were extracted by
vigorous shaking with 500 pl extraction buffer composed of
20% (v/v) glycerol, 0.25% (w/v) bovine serum albumin, 1% (v/v)
Triton-X100, 50 mM HEPES-KOH (pH 7.5), 10 mM MgCl,,
1 mM EDTA, 1 mM EGTA, 1 mM e-aminocaproic acid, 1 mM
benzamidine, 10 mM leupeptin, 0.5 mM dithiothreitol, and 1 mM
phenylmethylsulfonyl fluoride, which was added just before
extraction. Enzyme activities were assayed using a robotized
platform at HiT-Me Facility [(MetaboHUB-Bordeaux) http://
metabolome.cgfb.u-bordeaux.fr/en] as previously described
(Gibon et al., 2004; Studart-Guimaraes et al., 2005; Gibon et al.,
2006; Gibon et al., 2009; Steinhauser et al., 2010).

RESULTS

Tomato Fruit Development Is Associated
With Changes in NAD(P) Pools

Fruit development can be divided into three partially overlapping
phases, namely, cell division, cell expansion, and ripening
(Figure 2A), which all have their own metabolic specificity
(Beauvoit et al., 2018). As a first attempt to clarify the importance
of pyridine nucleotides for fruit growth, we measured total
cellular NAD*, NADP*, NADH, and NADPH pools from nine
growth stages of tomato fruit (var. Moneymaker) (Figure 2B).
Oxidized pools were also confirmed by LCMS (Figure S1).
Global changes in the pools of these pyridine nucleotides were
statistically significant (ANOVA followed by binary Student’s ¢
tests) and showed higher levels of both NAD(H) and NADP(H)
in the very young fruit, with the highest pools observed at 8 days
postanthesis (dpa) for growth stage 1 (GS1) and the lowest for
mature green (GS6, 41 dpa) and for red ripe (GS9, 53 dpa) stages
of tomato fruit, respectively. Reduced, oxidized, and total content
of NAD(H) decreased until the end of cell division (GS4), then
firstly increased during cell expansion (GS5-7) and secondly
during ripening (GS8-9), while maintaining the NAD(H) pool
mainly oxidized during fruit development. Since NAD(P) are
mostly present in the chloroplasts, peroxisomes, mitochondria,
and cytosol, but not in the vacuole (Donaldson, 1982; Gakiere

et al., 2018b), we could rule out the dilution effect due to the cell
expansion (Beauvoit et al., 2014) and express NAD(P) contents
as concentrations (Figure 2C). Differences in concentrations,
except for NADH, were statistically significant during fruit
growth (ANOVA followed by binary Student’s ¢ tests) and clearly
indicated two distinct waves of accumulation for NAD(H) (i.e.,
GS5-7 and GS7-9). Simultaneously, NADP(H) only increased
during the beginning of development (from GSI to GS4) as a
result of a higher NADPH concentration (Figure 2C). Hence,
this suggests a fine-tuned NAD(P) homeostasis during tomato
fruit development.

Transcriptional Changes of NAD
Biosynthesis and Metabolism Show
Distinct Patterns During Tomato

Fruit Growth

Next, in order to substantiate the changes in NAD(P), we
examined transcript and protein profiles during tomato fruit
development that were obtained from RNAseq and proteomics
techniques (Belouah et al., 2019). Raw data (22,877 transcript and
2,375 protein features) were normalized as described previously
(median-centered, cube root-transformed, and Pareto-scaled)
(Belouah et al., 2019). We first focused on genes that were
associated with NAD* biosynthesis and NAD(P)H damage and
repair (Figure 1), which included 15 genes (Figure 3A). Clustering
analysis of mRNA profiles (Pearson’s correlation and complete
clustering, Figure 3A) revealed two main statistically significant
clusters (ANOVA with Bonferroni correction, P < 0.01 are listed
in Table S1): one associated with the young fruit (stages 1-4) and
another with the ripening fruit (stages 5-9). For the first cluster,
early steps of de novo biosynthesis of NAD* and NADP* were
transcriptionally up-regulated in the young fruit, including AO,
QS and QPT, and NADK1 and NADK?2 (Figure 3A). Interestingly,
these enzymes are chloroplastic in Arabidopsis (Katoh et al., 2006)
and assumed to be critical for NAD* and NADP* homeostasis,
respectively (Pétriacq et al., 2012; Gakiere et al., 2018a; Li et al,,
2018a). For the second cluster, later stages of fruit growth coincided
with the up-regulation of the expression of genes involved in
final steps of NAD* biosynthesis (NaMNAT and NADS), NAD*
recycling (NIC and NaPT), and NADP(H) production (NADK3
and NADK4) (Figure 3A). This suggests an accumulation of
NAD* precursors during the beginning of development (GS1-4)
followed by an active synthesis and recycling of NAD(P)* (GS5-
9) concurrent with the increased NAD(H) content. Besides,
NAD(P)XH epimerase and dehydratase genes are expressed
all along fruit development suggesting a continuous NAD(P)
H damage and repair (Figure 3A). Remarkably, protein profiles
failed to include enzymes involved in NAD* synthesis, except for
NaPT and NIC that followed mRNA profiles with higher levels
during ripening (Figure S2). This might suggest that most NAD
metabolism enzymes were poorly represented quantitatively (i.e.,
below threshold of protein detection). To test this hypothesis,
we checked the absolute expression levels of genes involved in
NAD* synthesis as compared to other genes of central cellular
functions (Figure S3). Raw data of mRNA profiles evidenced
very low expression values for AO in tomato fruit, as compared
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FIGURE 2 | Evolution of NAD(P) contents during tomato fruit development. NAD and NADP pools were measured for nine sequential growth stages (GS) of tomato
fruit development (A). Shown are bar plots of replicated metabolite quantifications (n = 3) (B) and of replicated metabolite quantifications (n = 3) normalized to

the cytosol and organelles volumes (C). Top and bottom error bars indicate SEM (standard error of the mean) for the reduced and oxidized forms, respectively.
Statistical significance for total NAD(P) content is indicated by ANOVA P value. Binary comparisons between conditions are indicated by letters (oxidized form, in
white), capital letters (reduced form, in blue), and symbols (total content, in black), according to Student’s t test (P < 0.05). Left panel indicates the concentrations of
NAD(P) in nmol.gFW-" whereas the right panel indicates the NAD(P) concentrations in pmol.I-".

to NIC and NaPT, and more remarkably, as compared to actin-
and enolase-related genes (Figure S3A). Complementarily, data
mining of expression profiles from published datasets (http://tea.
solgenomics.net/; Fernandez-Pozo et al., 2017) confirmed that
the NAD* biosynthesis gene AO was expressed at low levels in
fruit tissues as compared to other genes (Figure S3B), which can
explain the absence of proteomic hits in our dataset.

Furthermore, we analyzed transcriptional changes of NAD*
catabolism involved in signaling and metabolism of nicotinate
including 13 genes of PARPs, SIR, NDXs, NaGTs, NMTs, and
NaMe esterase that demethylates NaMe into Na (Figure 3B)
(Gakiere et al., 2018b). Clustering analysis (Pearson’s correlation
with complete clustering) unveiled three main significant
clusters (ANOVA with Bonferroni correction, P < 0.01 are listed
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phosphoribosyltransferase; QS, quinolinate synthase; SIR, sirtuin.

in Table S1). The young fruit correlated with an up-regulation
of genes associated with NaGT and NMT functions, while
older fruit (GS3-GS6) showed increased gene expression
for PARP and NDX. The ripening fruit was associated with
higher expression of genes associated with PARP, NMT, NaMe
esterase, and NDX (Figure 3B).

Finally, we evaluated transcriptional changes of transporter
genes that linked to putative pyridine nucleotide transport

(Figure 3C). Transcript levels observed during early fruit
development (GS1-4) correlated with the expression of NDT-
like transporters suggesting an active transport of NAD(P)
and its derivatives across the chloroplastic and mitochondrial
membranes. Cell elongation (GS4-6) and ripening (GS7-9)
phases were associated with higher expression of both PXN and
NDT-like transporters, thus supporting the idea of an active
NAD(P) transport during fruit development.
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Altogether, RNAseq data demonstrate a profound
reprogramming of NAD(P) metabolism during fruit growth,
more specifically toward a stimulation of the synthesis of
NAD* precursors (AO, QS, and QPT) in chloroplast of young
fruits, which was concurrent with the expression of NDT-like
transporters. This was followed at later stages of fruit development
by an active synthesis (NaMNAT and NADS) and recycling (NIC
and NaPT) (Figure 3), concomitantly with increased NAD(H)
pools and concentrations (Figure 2).

Transcriptional Changes of Genes
Associated to NAD(P)-Dependent
Enzymes During Tomato Fruit Growth

To get a more global overview of the metabolic functions
relating to pyridine nucleotides during tomato fruit growth,
we analyzed the expression profiles of the genes that we could
associate to NAD/P(H)-dependent functions. A selection of 442
NAD(P)-dependent features (see Materials and Methods) was
subjected to PCA to display the global impact of growth stages
on transcriptional changes for those features (Figure 4A). PCA
explained 70% of the maximal variation in the mRNA profiles,
where PC1 (59.6%) separated stages 1 to 6 from stages 7 to 9. This
suggests a differential reprogramming at mRNA level of NAD(P)-
dependent between cell division and expansion (GS1-6), and
fruit ripening (GS7-9). Next, we filtered the same features for
statistical significance (ANOVA with Bonferroni correction, P <
0.01 are listed in Table S2), which provided 119 mRNA markers
that were retained for subsequent clustering analysis (Pearson’s
correlation, complete clustering) (Figure 4B). Tomato fruit
development was associated with four clusters distributed along
the different growth stages, for which functional classification
was performed based on gene ontology using Mercator4 v1.0
(https://plabipd.de/portal/mercator4; (Schwacke et al, 2019).
This led to the identification of 13 different functional categories
(Figure 4C) in which mitochondrial activity (18% of the total
significant features) is the largest category represented for all
growth stages. Cluster 1 corresponded to the beginning of
tomato fruit development (GS1 to 5) and contained 19 genes
mainly involved in energy supply for central metabolism, i.e.,
photosynthesis (21%) and mitochondrial activity (5%). Cluster
1 further harbors several genes linked to central metabolism
such as lipid-, sugar-, lignin-, and cell wall-related metabolisms
(11, 10, 16, and 5%, respectively). Cluster 2 covered cell division
and cell expansion stages of fruit growth and contained 36 genes
mostly related to central metabolism [i.e., cell wall, sugar, lipid,
amino acid metabolism (28, 8, 8, 5%, respectively)] that are
essential to cell proliferation by providing building blocks (Figure
4C). In addition, cluster 2 presented a substantial proportion
(25%) of unknown functions or of genes involved in specialized
metabolism (17 and 8%, respectively). Cluster 3 was represented
only by six genes which were expressed from GS4 to GS6 (i.e.,
the end of fruit expansion) and that were annotated to pigment
synthesis, lipid, amino acid, and cell wall metabolisms (17% each)
(Figure 4C). Cluster 4 contained the larger number of significant
mRNA markers (58) that coded for genes mostly involved in
mitochondrial activity (34%), but also the maintenance of redox

homeostasis, lipid, amino acid, secondary pathways (9% each),
and protein degradation (2%). Overall, gene expression for
NAD(P)-dependent functions during fruit growth emphasizes
the importance of pyridine nucleotides as cornerstones of
central metabolism, which provides building blocks and energy
for development. Importantly, NAD(P)-related mitochondrial
functions seem crucial for fruit growth, more specifically at the
onset of ripening.

Protein Profiles for NAD(P)-Dependent
Enzymes During Tomato Fruit Growth

In addition to mRNA profiles, we further examined protein
profiles for NAD(P)-dependent enzymes through global analysis
by PCA of 128 protein features from normalized data, and by
clustering of 78 significant protein markers (ANOVA with
Bonferroni correction, P < 0.01 are listed in Table $3). In contrast
to transcript signatures (Figure 4A), PCA better segregated the
protein patterns according to GS1, GS2,and GS3 then merged GS4
to GS6, separated GS7, and gathered GS8 and GS9 (Figure 5A).
This suggests that proteomics of NAD(P)-dependent enzymes is
particularly sensitive to fruit growth. Complete clustering analysis
by Pearson’s correlation resulted in three main clusters (Figure
5B) for which functional annotation of protein sequences was
performed based on gene ontology using Mercator4 v1.0 leading
to the identification of 12 different functional categories (Figure
5C) in which mitochondrial activity (19% of the total significant
markers) was the largest category represented across all growth
stages. To confirm the proteomic output, we measured enzyme
activities of isocitrate dehydrogenase (NADP*-dependent) and
malate dehydrogenase (NAD*-dependent) (Figure S4), which
showed similar profile during fruit growth as compared to
normalized protein concentration.

Firstly, cluster 1 is comprised of 27 NAD(P)-dependent
proteins that accumulated mainly during the beginning of
tomato fruit development (GS1-4) and during the ripening
phases (GS7-9) for some of them (Figure 5C). This cluster
could be divided into three segments; the first one contained
enzymes involved in central metabolism (56%) such as cell
wall-, sugar-, lipid-, and nitrogen-related metabolism and
pentose phosphate pathway (15, 15, 11, 11, and 4%, respectively).
The second portion is devoted to the energy production via
the mitochondrial activity, constituting 15% of this cluster. The
remaining part is represented by enzymes involved in specialized
metabolism or unknown functions (15 and 15%, respectively)
(Figure 5C). Secondly, cluster 2 included 28 proteins, which
coincided with the fruit enlargement (GS1-6) within half of
them that are stimulated during cell expansion (GS4-GS6). The
most represented enzymes in this cluster are those involved in
secondary pathways (29%) and mitochondrial functions (18%)
(Figure 5C). Strikingly, central metabolism accounted for
42%, mainly because of cell wall and sugar metabolism (11%
each) but also because of amino acid and lipid metabolism,
glyoxylate cycle, and pentose phosphate pathway (7, 3, 3, and
7%, respectively) (Figure 5C). Finally, cluster 3 was constituted
by 23 NAD(P)-dependent enzymes that were found during
fruit ripening (from GS7 to GS9). Quite importantly, enzymes
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involved in mitochondrial activity were mainly represented
(26%) in this last cluster, followed by proteins participating in
redox homeostasis (18%) and secondary pathways (13%). Central
metabolism (21%) remained noticeable due to the presence of
enzymes involved in lipid and amino acid metabolisms, pentose
phosphate pathway, and protein degradation (9, 4, 4, and 4%,
respectively) (Figure 5C). Hence, while protein and mRNA
profiles of NAD(P)-dependent markers only showed partial
overlap during tomato fruit growth, central metabolism and

more particularly mitochondrial functions were critically linked
to pyridine nucleotides.

DISCUSSION

Pyridine nucleotides have received considerable attention
for their metabolic, redox, and signaling functions in plant
tissues (Hashida et al., 2009; Pétriacq et al., 2013; Gakiére
et al.,, 2018a; Gakiere et al., 2018b). However, very little is
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known about the importance of these metabolic cofactors for
fruit growth. In this study, we examined the contribution of
pyridine nucleotides to fruit growth by analyzing NAD(P)
metabolism at transcriptome and proteome scales as well as
NAD(P)* and NAD(P)H contents and concentrations during
nine sequential stages of tomato fruit development.

Although previous changes in pyridine nucleotides have been
observed between green and red tomato fruits of MicroTom and
Moneymaker cultivars (Centeno et al., 2011; Osorio et al., 2013),

our study presents for the first time the changes of NAD(P)
contents and concentrations during nine sequential stages of
tomato fruit development. As previously observed (Centeno etal.,
2011), the highest contents (nmol.gFW~!) were measured during
early developmental phases (Figure 2), concomitantly with the
expression of genes involved in early reactions of NAD* de novo
synthesis (AO, QS, and QPT) (Figure 3), also assumed to control
critically NAD(P) levels and its derivatives (Pétriacq et al., 2012;
Pétriacqetal.,2016). Firstly, NAD(H) contents and concentrations
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showed two distinct accumulations mainly caused by increased
NAD* at the beginning of cell elongation and ripening (GS5
and GS8) (Figure 2). Concurrently, transcript analysis unveiled
a stimulation of further steps of NAD* de novo synthesis and
recycling pathway (Figure 3A). Secondly, NADP(H) contents
dropped during cell division (GS1-4) whereas concentrations
were augmented as a result of increased NADPH concentrations.
Furthermore, cell expansion and ripening phases displayed a
decrease in both NADP(H) contents and concentrations. Since
NAD(P) are mostly present in organelles other than the vacuole
(Donaldson, 1982; Gakiere et al., 2018b), concentrations seem
more relevant to understand the involvement of NADP(H) in
fruit development (Figure 2C). However, pyridine nucleotide
concentrations that are reported here and in previous studies
represent pooled contents of subcellular metabolites rather than
the in vivo original compartmentalized concentrations, which are
known to differ between organelles (Gakiére et al., 2018b). Such
differences in subcellular concentrations might affect the enzyme
activities that depend on pyridine nucleotides as cofactor. Meta-
analysis of K,, values for plant dehydrogenases (Bar-Even et al,,
2011) showed that total cellular concentrations of NAD(P)
measured in our study were higher than the median K,, values
of plant NAD(P)-dependent enzymes (Figure S5). This indicates
that concentrations of pyridine nucleotides in the developing fruit
are sufficiently high that they would not limit NAD(P)-dependent
enzyme activities, as previously suggested (Bennett et al., 2009).
In growing tissues, such as Arabidopsis pollen tubes (Hashida
et al., 2012), or here in young tomato fruit that is characterized
by a turbo metabolism due to high enzyme activities (Biais et al.,
2014), plant development requires higher NAD* and reducing
power (NADPH) (Gakiére et al., 2018b). High concentrations of
NADP(H) in young fruits (Figure 2C) might be associated with
photosynthesis that remains active in green fruits, as detected
in our transcript analysis (Figure 4C) and previously reported
(Lytovchenko et al., 2011). Furthermore, mRNA and protein
analyses indicated a primary accumulation of NAD* precursors
(GS1-4) before the activation of de novo and recycling (GS4-9)
pathways during tomato fruit growth (Figure 3), which correlated
with both contents and concentrations of NAD(H). Interestingly,
the stimulation of NaMNAT and NADS at transcript levels
(Figure 3A) occurred just before the increase in NAD(H)
concentrations (Figure 2C). On the other hand, catabolism of
NAD(P) via signaling functions appeared continuous during
fruit development but resulted from different catabolic pathways
(Figure 3B) as well as transport of NAD(P) and their precursors
(Figure 3C). This indicates that NAD(P) contents are sustained
as key metabolic regulators for fruit growth by different synthesis
and degradation pathways. Precursors are synthesized by early
enzymes of de novo synthesis of NAD* (AO, QS, QPT); then,
latter enzymes of synthesis and salvage routes (NaMNAT, NADS,
NIC, NaPT, NaGT, and NAD(P)H-hydrate epimerase and
hydratase) (Figure 1) allow for NAD(P) homeostasis. This agrees
with previous works which have demonstrated the importance of
AO, QS, and QPT in modulating NAD* levels that influence plant
development (Katoh et al., 2006; Schippers et al., 2008; Pétriacq
et al., 2012; Gakiere et al., 2018a). Likewise, Arabidopsis NICs
were also reported to influence NAD* contents (Hunt et al., 2007;

Wang and Pichersky, 2007). Metabolism of nicotinate has also
received recent attention in various plant species (Matsui et al.,
2007; Liet al., 2015; Wu et al., 2018). In this context, we observed
increased expression of NMT and NaMe esterase genes in the
developing fruit (Figure 3), suggesting that Na metabolism is
important to sustain NAD(P) homeostasis. Nicotinate conjugates
are particularly difficult to measure via MS-based metabolomics
due to unreliable ionizations of such compounds in the mass
spectrometer, as it is the case for NAD* and nicotinamide
(Guérard et al., 2011). Further research combining MS and NMR
techniques is necessary to confirm the molecular and regulatory
details of nicotinate metabolism in fruit.

In all biological systems, a plethora of cellular processes need
NAD(P) as coenzymes, including both biosynthetic pathways and
the catabolism of biomolecules which support energy production
(Gakiere et al., 2018a). Mitochondria are the powerhouse of
the cell that ensure energy supply by regenerating NADH
and providing ATP and are considered to contain the highest
proportion of cellular NAD(H). Several studies have shown that
modifying mitochondrial functions result in changes of NAD(P)
contents that not only greatly influence plant growth (Dutilleul,
2003; Dutilleul et al., 2003; Dutilleul, 2005; Pellny et al., 2008;
Meyer et al, 2009; Centeno et al, 2011; Osorio et al., 2013;
Pétriacq et al., 2017) but also stress responses (Pétriacq et al., 20165
Gakiere et al., 2018b), thus placing pyridine nucleotides as critical
regulators of plant performance. In line with this, we demonstrated
that NAD(P)-dependent enzymes appeared mainly related to
central metabolic pathways, including one-fifth of mitochondrial
functions (Figures 4C and 5C). This agrees with a critical role of
mitochondrial NAD(P) metabolism for tomato fruit growth, as
elegantly demonstrated in mutant tomato fruit that are affected
in TCA cycle (Aratjo et al., 2012). Additionally, we showed that
mRNAs and proteins that related to NAD(P)-dependent enzymes
exhibited distinguishable profiles during fruit development.
We further identified a global separation between ripening and
previous developmental stages (i.e., cell division and expansion)
(Figures 4A and 5A), based on the profiles of both NAD(P)-
dependent mRNAs and proteins. This suggests a growth stage-
dependent reprogramming of NAD(P) metabolism. Concurrently,
we observed a growth stage-dependent stimulation of the different
central metabolism branches (amino acid-, lipid-, sugar-, and cell
wall-related metabolism) at both transcript and proteomic levels
(Figures 4C and 5C), thus emphasizing the link between NAD(P)
and carbon and nitrogen metabolisms. This raises the question
about NAD(P) signaling during fruit development (Hashida et al.,
2018), as further exemplified by a notable proportion of NAD(P)-
dependent enzymes that related to redox homeostasis at mRNA and
protein levels, especially those involved in ascorbate-glutathione
cycle, and other specialized pathways (e.g., anthocyanins
biosynthesis). Here, we showed that cellular division phases
displayed an increase in reducing power equivalent (NADPH)
while cellular expansion and ripening phases harbored a higher
oxidized state. Hence, pyridine nucleotides appear pivotal for
fruit development in supplying energy and precursors for central
metabolism while assuring redox homeostasis and secondary
metabolites accumulation. For a better comprehension of NAD(P)
involvement in cellular processes, future works should also include
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the study of protein turnover, especially protein synthesis rate that
has been shown to control protein levels in developing tomato fruit
(Belouah et al., 2019).

Climacteric species (e.g., tomato, banana, kiwi) are
characterized by a metabolic shift from normal development state,
known as climacteric crisis, that is associated with the conversion
of starch into soluble sugars and CO, (Moing et al., 2001; Colombié
etal,, 2017), and which is concomitant with higher ATP levels and
respiratory fluxes. Interestingly, from a transcript perspective, 50%
of the significant NAD(P)-dependent genes that were identified as
up-regulated during ripening belonged to enzymes involved in the
key respiratory burst during ripening of climacteric fruits (Figure 4)
in accordance with previous reports (Biais et al., 2014; Colombié
et al., 2015; Colombié et al., 2017). Moreover, mitochondrial
functions represented a notable proportion of both protein and
transcript markers, and more specifically, a greater proportion
(>75%) within the NAD(P)-dependent ripening-related
markers, thus supporting the idea that climacteric respiration is
(i) regulated by mitochondrial activity and (i) essential for fruit
ripening (Figures 4B, C). In tomato fruit, the energy peak results
from an excessive carbon supply coming from starch and cell
wall degradation, and a decrease in carbon demand as a result
of arrested cell expansion (Colombié et al., 2017). In agreement,
several sugar- and cell wall-related NAD(P)-dependent markers
are identified to be up-regulated shortly before and during
ripening (Figures 4 and 5). Besides, NAD(P)-dependent markers
involved in redox homeostasis were also up-regulated mainly
during ripening (Figures 4 and 5). Despite the energy peak and
the control of redox balance, ripening is also associated with
a wide range of metabolic processes resulting in organoleptic
changes reflected by an increased sweetness, and nutritional value.
This further agrees with a concurrent accumulation of soluble
sugars and others amino acids coming from starch and protein
degradation, respectively (Beauvoit et al., 2018). Here, functional
clustering identified an increase of NAD(P)-dependent transcript
and protein levels involved in protein catabolism only during
ripening phases as well as amino acid-related metabolism markers
(Figures 4 and 5). Finally, latter stages of NAD* synthesis and
recycling were stimulated during ripening at both transcript and
protein levels (Figure 3) that resulted in an augmented NAD(H)
concentrations (Figure 2), probably to sustain the high metabolic
activity during fruit-ripening process. Collectively, these results
indicate that NAD(P) is a core component of tomato fruit
ripening, which not only participates in the climacteric respiration
via a stimulation of mitochondrial activity but also sustains energy
supply for numerous biosynthetic pathways that relate pyridine
nucleotide metabolism to fruit development and quality.
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